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Abstract 
Phytoplankton constitute the main algal biomass in pelagic ecosystems and, therefore, play a 
fundamental role in the functioning of the marine trophic web. Information on long-term 
trends in marine phytoplankton may help to distinguish between biological responses to 
natural oscillations in climate and global warming, and to evaluate possible regional effects 
of eutrophication. The aim of this work was to contribute to the general understanding of 
how phytoplankton are spatio-temporally structured at the large-scale. To achieve this aim, 
the Continuous Plankton Recorder (CPR) survey data were used to identify the dominant 
large-scale spatial patterns of phytoplankton in north-western European continental shelf 
waters. Spatial patterns have been described in relation to their variability in time (seasonal 
and decadal). Finally, fluctuations of phytoplankton in space and time are described in 
relation to changes in the environment of the North Atlantic. · The analysis included 
approximately 70,000 samples taken between 1960-1995. The large-scale, spatio-temporal 
patterns ranged from the meso to the macro-scale (50-I 0,000 km) and from months to 
decades. The structure of the thesis follows a progression from the seasonal to the inter-
annual scale and from phytoplankton biomass to the phytoplankton community. Particular 
emphasis is placed on a broad overview of the long-term changes in marine phytoplankton 
and interpreting anomalous phytoplankton values. 
Overall, the results suggest that the environment plays a fundamental role in structuring the 
phytoplankton from the seasonal scale to the decadal scale. The seasonal spatial evolution of 
phytoplankton shows close associations to the hydrography of the north-east Atlantic, from 
the overall biomass to the timing and ending of the seasonal growth period. At larger-scales, 
atmospheric forcing (principally governed by the North Atlantic Oscillation index) has a 
dominant effect on decadal variability of phytoplankton populations in the north-east 
Atlantic. Although there is considerable regional variability in the long-term trends in 
phytoplankton biomass and community structure, underlying patterns emerged to reveal 
common trends. During the last decade, there has been a considerable increase in 
phytoplankton bion1ass in most regions (particularly the North Sea) imd an increase in the 
dominance of dinoflagellates amongst the phytoplankton community, while the opposite 
pattern was observed for the northern oceanic area of the north-east Atlantic. These different 
spatial responses show similar patterns to changes in the decadal variability of sea-surface 
temperature influenced by the North Atlantic Oscillation index. While atmospheric 
variability plays a key role in the overall long-term and regional patterns of phytoplankton, 
oceanic influences on the North Sea ecosystem have been underestimated in the past. The 
anomalous phytoplankton biomass values, and large community shifts in the North Sea, are 
associated with episodic hydrographic events seen during the late 1970s/early 1980s and the 
late 1980s/early 1990s. lt is suggested that these hydrographic events conspire to produce 
anomalous ocean climate conditions in the North Sea which persist for a number of years and 
are significant enough to alter the overall ecology of the North Sea. 
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Chapter 1 
Introduction 
This chapter provides the basis and rationale for examining spatia-
temporal patterns in marine phytoplankton. The introduction 
discusses the importance of phytoplankton to the marine 
environment and their usefulness as sensitive indicators of 
environmental change. Ecological succession in marine 
phytoplankton is discussed in relation to possible climate change 
scenarios. After a brief introduction about the Continuous 
Plankton Recorder (CPR) survey, the importance of scale and how 
spatial structures arise in the marine environment are described. 
Finally, the aims and objectives of this thesis are presented. 
Chapter 1 : Introduction 
I . I Background and rationale 
Whether the greenhouse effect is happening or not, there is no question that average 
global temperatures are increasing, particularly over the last few decades (Fig. I). There 
is some evidence to support the hypothesis that the increase is related to underlying 
human-induced perturbations and their subsequent effect on global temperatures. Recent 
research has shown that, over the last decade in northern latitudes, the active growing 
season of terrestrial plants has advanced by approximately eight days and this is 
associated with variations in the timing and amplitude of atmospheric C01(Myneni el al.. 
1997). The findings are consistent with the hypothesis that warmer temperatures, 
associated with rising col, promote an increase in plant growth by expanding the active 
growing season. Egg laying dates of birds in the United Kingdom have also shifted to 
earlier in the year, and this advance is consistent with the reported changes in the length 
of the growing season of terrestrial plants (Crick et al., 1997). Some of the first 
ecosystem responses to these slow, but pervasive, anthropogenic perturbations are 
expected to be seen in marine pelagic populations, due to their climatic sensitivity and, in 
particular, from changes in the composition and distribution of phytoplankton (Hein el 
al., 1997). 
Potentially more environmentally worrying than an increase in temperature, and its effect 
on the length of the growing season, is the possible effect that rising col levels may have 
on the thernwhaline circulation in the North Atlantic. Recent climatic change scenarios 
predict that rising emissions of greenhouse gases could weaken, or even halt, ocean 
overturning in the North Atlantic, radically altering the climate of Western Europe 
(Stock er & Schmittner, 1997). Some of the first signs of this change may be seen in the 
biogeographical distribution and composition of plankton. Perhaps the most sensitive 
indicators of environmental change within plankton communities are the phytoplankton, 
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Figure I : Combined global land and sea surface temperatures from 1860-1997 relative to the 
1961 - 1990 mean. Data provided by the Hadley Centre for Climate Prediction and Research, 
Meteorological Office, London, UK. 
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the primary producers. Phytoplankton constitute the main algal biomass in pelagic 
ecosystems and, as a result of being at the base of the trophic pyramid, play a 
fundamental role in marine trophodynamics. Phytoplankton are tightly coupled to the 
physical and chemical environment, and are considered the main structural component of 
marine ecosystems (Piontkovski & Williams, 1995). Any change in the physical and 
chemical environment will be reflected quickly in the abundance and composition of 
phytoplankton, due partly to their relatively short rates of growth and mortality. For 
example, trees (the primary producers in terrestrial systems) are the longest living 
organisms on land and may live for hundreds of years, while their marine counterparts, 
the phytoplankton, have life times measured in days. 
In temperate climates, it is thought that the pnmary mechanism initiating the sprmg 
phytoplankton bloom is the alternation between vertical mixing and stratification of the 
water column, and the availability of light; the penetration of light being mainly limited 
by the turbidity of the water. An unstable, well-mixed condition is maintained both by 
surface wind stress and/or tidal mixing, and is usually suppressed by surface warming of 
the photic zone with reduced wind sheer initiating stratification of the water column. 
During this warming period, an influx of low salinity water from surface runoff may 
further enhance stratification allowing an early start to the spring bloom. The transitional 
period between well-mixed to stratified water, and the resultant shallowing of the 
thermocline above a critical depth, is characterised by a strong burst of diatom 
production. The latter forms the basis of the classical food chain, whereby energy flow 
passes through the mesozooplankton (mainly copepods) to fish (Holligan & Harbour, 
1977; Jones & Gowen, 1990). The precise timing of the spring bloom, therefore, is 
determined by the associated meteorological conditions and the availability of light. The 
initial stages of the spring bloom is dominated by diatoms, with a shift in community 
composition favouring small flagellates when silica (essential for diatom growth) 
becomes limited within the euphotic zone. The subsequent flagellate growth is 
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determined by the amount of nitrogen and phosphorus left over by the initial diatom 
bloom, with the proportion, and ratio, of available nutrients influencing the species 
composition (Holligan, 1987). After the water column becomes stable, and a permanent 
thermocline is established, the nutrient-depleted, warmer euphotic zone, and the colder 
nutrient rich bottom water, can no longer mix, except for brief episodic events (e.g. the 
passage of transient storms). Under these conditions, a plankton community evolves 
which continues to maintain and cope with low nutrient supply and low turbulence, and 
which consists predominately of dinoflagellates and small flagellates (Boalch, 1987). 
This stable system is only broken in autumn when the thermocline disintegrates, fed by 
surface cooling and enhanced by autumnal storms. This subsequently triggers an 
upwelling of nutrients from deeper waters, leading to an autumnal bloom of 
dinoflagellates (which often dominate at the end of summer) and diatoms. As winter sets 
in, phytoplankton production decreases as light becomes a limiting factor due to the 
shortening of daylight hours coupled with increased turbidity. 
Consistent patterns of ecological succession in the phytoplankton are, therefore, observed 
as a result of the degree of vertical stability of the water column, consequently 
influencing nutrient ratios and life stategies adopted by specific groups of phytoplankton 
(Holligan, 1987). The transition from a turbulent to a stable environment is associated 
with a phytoplankton succession from diatoms (opportunists), through flagellates 
(competitors) to dinoflagellates (stress-tolerators). Any long-term effect of the degree of 
thermal stratification on the marine environment caused by (climate change) is likely to 
be clearly reflected in the phytoplankton community composition. Climatic change 
scenarios predict that a doubling of atmospheric C02 concentration will result in an 
increase in temperature and precipitation over northern Europe (Schmidt-van Dorp, 
1994). Global warming will, therefore, intensify stratification directly, through increased 
surface water temperature and, indirectly, through increased run-off (Fig. 2). 
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Figure 2 : Simplified representation of the links between the physical and chemical 
environment and plankton productivity with possible consequences of climate change and an 
increase in eutrophication on phytoplankton. Based on van Beusekom & Diel-Christiansen 
( 1994) and Dickson ( 1992). 
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Changes in phytoplankton community structure and abundance/production have been 
used to assess whether eutrophication, caused by anthropogenic nutrient input, JS 
occurring in coastal ecosystems. It has been suggested that an increase in nutrient run-off 
will increase the intensity and frequency of phytoplankton blooms (Gowen, 1987; Parker, 
1987; Prakash, 1987; Reid, 1997). The anticipated net effect of an increase in the 
intensity of stratification and nutrient loading is to shift the phytoplankton composition 
from diatoms to dinoflagellates, as dinoflagellates favour these conditions (Holligan 
1987; Dickson et al., 1992; van Beusekom & Diel-Christiansen, 1994). Dickson et al. 
( 1992) suggested that an annual time series of the seasonal diatom/dinoflagellate ratio in 
continental shelf waters would provide an early warning signal for both regional 
environmental changes, such as eutrophication, and larger-scale changes, such as global 
warmmg. 
Even without anthropogenic perturbations, marine ecosystems are highly dynamic with 
natural fluctuations occurring on a variety of temporal and spatial scales (Section 1.3). 
To assess whether human-induced perturbations are having an effect on the functioning 
of the marine environment, it is important to understand the natural variability of the 
system at the scales chosen for study. Some of the most likely causes of large-scale 
changes in phytoplankton abundance/composition are linked to long-term atmospheric 
signals and associated temperature changes. Recent studies have shown that global 
atmospheric changes, such as the El Nino southern oscillation, are associated closely with 
changes in large-scale oceanic circulation, temperature and precipitation patterns (having 
ramifications globally). These oscillations have been connected with major climatic 
regime shifts, which have widespread consequences for the biota of the North Pacific 
Ocean (Hare & Mantau, 2000). In the North Atlantic, the most dominant atmospheric 
signal is the North Atlantic Oscillation (NAO) which is the alternation of atmospheric 
mass between subtropical, high-surface pressures (centred over the Azores) and sub-
polar, low-surface pressures (centred over Iceland). Decadal trends in this index 
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influence regional temperatures and precipitation, and the degree of wind speed/direction 
over northern Europe (Hurrell, 1995). These meteorological parameters are likely to 
influence the degree of stratification and hence long-term trends in phytoplankton 
production/composition. The mechanisms involved in the spatia-temporal structuring of 
phytoplankton at such large-scales (decadal) and in areas beyond traditional coastal 
surveys, however, are poorly understood. In particular, little is known of the inter-annual 
variability and fluctuations of phytoplankton in space at scales larger than themeso-scale 
(scale is discussed in Section 1.3). To answer some of these questions concerning scale, a 
spatially and temporally extensive ecological dataset is needed which is both temporally 
(to distinguish possible human-induced effects and natural variability occurring at scales 
longer than a decade, e.g. natural climate oscillations) and spatially extensive (as regional 
responses may differ dramatically). The only dataset which can address such large-scale 
questions is that of the Continuous Plankton Recorder survey. 
1.2 The Continuous Plankton Recorder survey 
The Continuous Plankton Recorder (CPR) survey is a multi-decade!, pan-Atlantic 
monitoring programme which commenced in 1931, when global anthropogenic impact 
was much less pronounced than it is today. The survey is based upon samples taken at 
monthly intervals from major regions of the North Atlantic (e.g. North Sea, Celtic Sea, 
Irish Sea, Iceland Basin, lrminger Basin, Rockall Channel, and Labrador Basin). From 
these samples, approximately 400 taxa of phytoplankton and zooplankton are routinely 
identified. This extensive dataset permits the study of how phytoplankton is structured at 
a variety of different spatial and temporal scales ranging from I Os to I O,OOOs ofkms and 
from months to decades. The CPR survey, founded over 60 years ago by the marine 
biologist Sir Alister Hardy, is now under the direction of the Sir Alister Hardy Foundation 
for Ocean Science (Plymouth). The survey has evolved into a unique monitoring 
programme capable of describing the spatia-temporal patterns and trends in epipelagic 
plankton of the North Atlantic and shelf seas of the northwest European continental shelf. 
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The essence of the survey is simple, but highly cost-effective, and entails towing robust 
CPRs from commercially operated 'ships of opportunity' with virtually no scientific 
support once the machine is deployed. Figure 3 shows the sampling routes recorded at 
monthly intervals during 1996. From year to year, certain commercial shipping routes 
close down and new ones are opened due to changes in the ship's destination; this 
procedure may complicate the analysis of the results but has the advantage of increasing 
the overall spatial coverage. 
1.3 Scale and spatio-temporal structuring of plankton communi ties 
Ecological phenomena, both biotic and abiotic, are distributed neither uniformly nor 
randomly. Rather, they are aggregated to form spatial structures (Legendre & Fortin, 
1989). For example, large-scale horizontal gradients of sea surface temperature and 
salinity may be observed in the marine environment, as well as localised patches caused 
by a variety of oceanographic features. Similarly, biological communities are structured 
in space due, in part, to the spatially structured environment (classical environmental 
control model), and/or as a result of biological interactions (e.g. interspecific competition, 
predation, recruitment of larvae, etc.) (Connel 1983; Gaines & Roughgarden, 1987; Davis 
et al., 1991; Borcard et al .. 1992; Bordard & Legendre, 1994; Brown et al., 1995; Lindley 
et al., 1995; Nielsen & Sabatini, 1996). 
For plankton communities, biotic factors such as competition and predation undoubtedly 
play an important role in structuring communities (Williams, 1988; Fussman, 1996; 
Wiafe et al., 1996), however, the major forcing factor is thought to be abiotic processes 
(Meise-Munns et al., 1990; Koubbi et al., 1991; Acuna, 1992; Frid & Huliselan, 1996; 
Planque & Fromentin, 1996). For example, the importance of nutrients, light and water-
column stability has been well documented in determining the species composition of 
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Figure 3: Standard CPR tow routes sampled at monthly intervals during 1996. Labels 
refer to tow identification. Note the highest sampling is in the north-east Atlantic and in 
particular the North Sea. 
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phytoplankton communities by the vertical structuring of the environment (Holligan & 
Harbour, 1977; Jones & Gowen, 1990). Indeed, it is proposed that such abiotic control, at 
the base of the food-web, propagates itself up through higher trophic levels (Harris, 
1987); however, horizontal structuring of plankton communities is not fully understood. 
In pelagic ecosystems, the structuring of communities are further complicated due to 
circulation associated with fluid systems, and the diel vertical migration of zooplankton 
species (Hays, 1996; Hays et al., 1996). Due to the fluid nature of pelagic ecosystems, 
there are two types of abiotic components which influence the structuring of 
communities: (I) those that are geographically-fixed or bound including, solar energy 
flux, die) vertical migration (DVM), bottom topography and current direction; and (2) 
geographically independent components which are associated with the hydrodynamics of 
the system (e.g. water mass and eddy structure) and include temperature, salinity, 0 2 
content, and nutrients (van der Spoel, 1994 ). 
These spatial patterns, which vary in a systematic way and anse from a myriad of 
possible biological and environmental origins, are often referred to as 'spatial 
heterogeneity'. In nature, spatial heterogeneity has been observed from the micro- to the 
mega-scale and, while nature is clearly heterogeneous, the scale in which structure 
manifests itself varies widely (Dutilleul, 1993). For example, plankton may be 
aggregated into patches of biomass or numbers of individuals from micro-scale 
turbulence (I cm-1 m) such as surf zones to mega-scales ( 1 04 km) such as biogeographic 
provinces resembling the shape of major oceanic gyres (Haury et al., 1978). Similarly, 
oceanographic and biological features are variable in time, as well as space, thus adding 
the additional complexity of a fourth dimension (Fig. 4). 
At larger scales, the environment is structured primarily by physical processes (e.g. 
currents and winds in marine environments) which induce the formation of similar 
responses in biological systems, spatially and temporally. Within these seemingly large-
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Temporal and spatial scales of interest 
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\ 
\ 
D Temporal and spatial range of CPR survey 
Figure 4: Temporal and spatial scales of interest to long-term changes in marine phytoplankton. 
Dvm = diel vertical migration. The spatial and temporal range of the Continuous Plankton Recorder 
survey is also highlighted. Based on Haury et al. (1978). 
12 
scale homogenous zones, smaller-scale spatial structuring occurs as the result of 
reproduction and death, predator-prey interactions and .food availability, etc. For 
example, fine-scale horizontal patterns of zooplankton communities are thought to be 
structured primarily by multi-species associations and, hence, are biological in origin 
(Haury & Weibe, 1982). Spatial and temporal heterogeneity is thought to play a 
fundamental role in ecosystem function; without it, large-scale homogeneity would exist 
and, as a consequence, diversity of habitats and species would decrease (Legendre, 
1993). Consideration of scale in ecological research is, therefore, vital because every 
pattern and process has a specific temporal and spatial extent, with these spatial and 
temporal processes being linked. For example, biogeographical changes in distribution 
will have inter-annual and decadal scales of variability. Large-scale, spatia-temporal 
studies are beyond the scope of traditional coastal surveys. The only monitoring 
programme that comes close to these scales is the CPR suniey. The spatial and temporal 
range of the CPR survey is shown in Figure 4. The scales that are particularly examined 
in this study range from years to decades and cover such environmental processes as 
eutrophication, oceanic fronts and currents (e.g. Gulf Stream), gyre circulation (e.g. sub-
polar gyre) and climatic oscillations. 
1.4 Aims and objectives 
Phytoplankton constitute the main algal biomass in pelagic ecosystems and, therefore, 
play a fundamental role in the functioning of the marine trophic web. The primary aim of 
this work was to contribute to the general understanding of how phytoplankton are spatia-
temporally structured at the large-scale. To achieve this aim, the CPR data was used to 
identify the dominant large-scale spatial patterns of phytoplankton in north-western 
European continental shelf waters. Spatial patterns were then described in relation to 
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their variability in time (seasonal and decadal). Finally, fluctuations of phytoplankton in 
space and time were described in relation to changes in the environment. 
The study area covered the north-western European continental shelf area (47°-62°N, 
I5°W-I 0°E), where the CPR sampling resolution is highest. The analysis included 
approximately 70,000 samples taken between 1960-1995. The large-scale, spatia-
temporal patterns ranged from the meso- to the macro-scale (50-I 0,000 km) and from 
months to decades. Although some phytoplankton spatial patterns have been described 
previously using CPR data (Colebrook & Robinson, 1965, Reid et al., 1987), the 
resolution of the data was low because of temporal and spatial averaging. Also, in these 
earlier descriptions, areas with sparse sampling were ignored. Traditional methods of 
representing plankton distributions from the CPR dataset have been spatially 
constrained, i.e. averaged data from a large area. Although the spatially constrained 
boxes (e.g. I 0 latitude by 2° longitude) have yielded meaningful ecological information 
by isolating the main discontinuities and large-scale biogeography of species, they do 
not represent spatial structures (Planque & lbenez, 1996). New geographical analysis 
techniques (using spatial interpolation and mapping spatial structures over time) allow 
mapping of structures at a finer scale than used previously. 
While this research was chiefly directed as an exploratory analysis of phytoplankton 
samples collected by the CPR survey (with an emphasis on broad ecological 
interpretations), there were a few hypothesis-driven objectives. 
The main aims and objectives were: 
(I) To use the phytoplankton colour index as an indicator of overall abundance of 
phytoplankton and to identify the dominant seasonal features influencing the large-scale 
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spatial structuring of phytoplankton, and examine the spatial variability of these seasonal 
cycles. 
(2) To use the phytoplankton colour index and multivariate measures of community structure 
to ascertain whether the abundance, distribution and community composition of 
phytoplankton has changed over a decadal time-period. 
(3) To examine the spatial variability of these long-term changes (i.e. do all areas follow 
similar long-term trends). 
(4) To study the connection between climatic changes (e.g. North Atlantic Oscillation and 
other environmental changes) and the spatial-temporal patterns of overall plankton 
abundance and community changes. Particular emphasis will be placed on interpreting 
anomalous plankton values. 
The structure of the thesis follows a progression from the seasonal to the inter-annual 
scale and from phytoplankton biomass to the phytoplankton community. The seasonal 
patterns of phytoplankton biomass are described and discussed in Chapter 3 and the 
long-term trends in the phytoplankton biomass and community are described in Chapters 
4, 5 and 6. The long-term trends in phytoplankton biomass and community are inter-
related and are therefore, discussed together in the final chapter (Chapter 7). Chapter 7 
discusses the relationship between the spatio-temporal patterns of phytoplankton and 
long-term environmental changes. Particular emphasis has been placed on a broad 
overview of the long-term changes in marine phytoplankton and interpreting anomalous 
phytoplankton values. 
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Chapter 2 
Methods and numerical data 
analysis 
This chapter describes the sampling by the Continuous Plankton 
Recorder (CPR) survey and the methodology used to grid the CPR data. 
The chapter discusses the theory behind geostatistical techniques, from 
the concept of spatial dependence of ecological structures, to its 
application in mapping techniques. The theory is then developed into a 
methodology that could be specifically applied for CPR data. 
Variography was used to measure the spatial dependence of 
phytoplankton samples collected by the CPR survey. Information about 
the spatial structure of phytoplankton was used to produce a number of 
gridded datasets using a spatial interpolation method known as kriging. 
The resultant gridded datasets were temporally partitioned to examine 
how phytoplankton spatial structures change over time. 
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Chapter 2: Methods and numerical data analysis 
This chapter describes sampling by the CPR survey and the development of geostatistical 
methods that can be applied to CPR data. In this thesis, two principal methods ofspatio-
temporal analysis, univariate methods using spatial interpolation techniques and 
multivariate methods (e.g. clustering and ordination) were used to analyse the data (Fig. 
5). The first method was used to produce spatio-temporal maps presented in Chapters 3 
and 4. The second method was used primarily to measure the biological/community 
similarity between areas and years described in Chapters 5. Time-series analysis 
techniques (e.g. Principal Component Analysis, temporal interpolation, smoothing 
methods etc.) were used to describe assemblage trends and investigate the relationship 
between phytoplankton and hydro-climatic changes presented in Chapters 6 and 7. While 
clustering and ordination techniques have had a traditional use in ecology particularly in 
terrestrial and benthic studies to describe spatial structures, they have had a limited use in 
plankton studies. These methods have also had a limited use in interpreting temporal 
changes, and are mainly used in this thesis to track community changes through time as 
opposed to changes in space. Many of the methods mentioned in this thesis have been 
simply applied (with suitable consideration) to CPR data and are briefly described in their 
appropriate chapters. However, the geostatistical methods used to produce spatio-
temporal maps will have to be specifically developed for CPR data. The method 
development using geostatistical techniques and sampling by the CPR survey is the main 
focus of this chapter. 
2.1 Sampling by the Continuous Plankton Recorder survey 
The CPR is a high speed sampler (usually towed between I 0-18 knots), sampling at a 
depth of approximately I Om. The instrument is powered by a propeller mounted at its 
rear which drives the internal sampling mechanism (Fig. 6). Water flows through a 12 
mm squared aperture in the CPR nose cone, down a tunnel which expands to a cross 
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Description of spatia-temporal patterns 
Method 1: 
Multivariate methods 
(Spatia-temporal similarity) 
e.g. Clustering and ordination methods 
using spatial contraints. Measures of 
biological similarity between 
areas/years 
Method 2: 
Univariate methods 
(Spatial interpolation) 
e.g. Geostatistics using structure 
functions such as semivariograms. 
Measures of spatial autocorrelation 
between samples. 
r,(J>O 
'·' 
0.6 
•. 
... 
Visulisation of spatial-temporal patterns 
e.g. mapping using spatially 
constrained clustering or ordinations 
(multidimensional mapping) 
e.g. Interpolation and contour 
mapping of a single variable taking 
into account the structure functions 
(kriging) 
Figure 5: The two principal methods of spatial analysis employed to describe 
spatio-temporal patterns. Method I is based on pre-defined spatially constrained 
areas and is particularly advantageous when using multivariate community data. 
Method 2 is based on the principle that ecological phenomena is structured in 
space and forms patches, mosaics, etc. 
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sectional dimension of 5 x I Ocm, where it passes through a filtering silk (mesh size 270 
Jlm). The filtering silk is covered by a second layer of silk into a 'sandwich' and reeled 
into a storage tank filled with 4% formaldehyde (for preservative measures). The two 
bands of silk move continuously across the tunnel at a speed adjusted according to the 
speed of the ship, via the propeller and gear-box, to IOcm per 10 nautical miles (18.5 
km). The water exits through a rectangular aperture at the rear of the CPR. The I Ocm of 
filtered silk equates roughly to the sampling of 3m3 of seawater. After the tow, the CPR 
is returned to the laboratory for routine analysis (Warner & Hays, 1994). The silk 1s 
unwound and cut into sections corresponding with each I 0 nautical miles of tow. 
Plankton analysis is split into the following four stages. Firstly, the phytoplankton colour 
index is assessed, by reference to standard colour charts in an ordinal scale, to obtain an 
estimate of the quantity and density of phytoplankton recorded by the visual discoloration 
on the CPR silk produced by green chlorophyll pigments. The latter includes the 
chloroplasts of broken cells and small, unarmoured flagellates which tend to disintegrate 
when they contact formaldehyde (Reid et al., !987). For mathematical purposes, the four 
rank order categories of phytoplankton colour have been assigned numerical values on a 
ratio scale based on acetone extracts using spectrophotometric methods (Colebrook & 
Robinson, 1965). The extent to which phytoplankton colour values represent actual 
values of biomass or primary production, and the relative contribution of suspended 
sediment to colour values in shallow tidally mixed regions, is not yet clear. However, 
primary production and biomass estimates in the North Sea have virtually identical spatial 
distribution patterns to phytoplankton colour and the colour values do represent the major 
patterns of variation in time and space of phytoplankton (Colebrook & Robinson, 1965; 
Robinson, 1970; Gieskes & Kraay, 1977; Reid et al., 1987; 1998). In Dutch coastal 
waters Gieskes & Kraay ( 1977) showed that blooms of nanophytoplankton coloured the 
silks in proportion to their abundance. So, even organisms that cannot be identified 
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Filtering silk 
Figure 6: The Continuous Plankton Recorder (CPR) showing the main towed body (bottom 
right), the internal mechanism (bottom left) and a simplified diagrammatic cross-section of 
how the CPR works. 
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quantitatively and counted by the CPR survey (due to their extremely small size) can be 
recorded in terms of relative abundance. 
For the second stage of plankton analysis, the individual sample is laid out on a sheet of 
glass and examined under a compound microscope. Twenty microscope fields (two 
diagonals of ten fields) on the filtering silk are examined for phytoplankton under high 
magnification (x450) during a traverse across the silk, representing a subsample covering 
0.000 I of the sample. The phytoplankton in each field is identified and the number of 
fields in which each species is present is counted. This method of analysis has been 
unchanged since 1958 (Colebrook, 1960). Thirdly, the silk is viewed under x48 
magnification and a traverse of the silk is made (representing 1/40 of the entire silk) for 
the presence of zooplankton (usually < 2mm). All the zooplankton organisms are 
counted and identified. Finally, all the large species of zooplankton (>2mm) are removed 
from the silk, identified and counted. The third and fourth stages of analysis have been 
unchanged since 1948. A complete list of the phytoplankton and zooplankton identified 
is given by Warner & Hays (1994). 
Since the survey started, CPRs have been towed for over 4 million nautical miles 
resulting in collection of nearly 200,000 plankton samples from the North Atlantic. This 
dataset has been produced by the foresight of a few individuals, and has been achieved by 
adhering strictly to standard sampling and analytical procedures. The design of the CPR 
has not changed in any way that could affect the sampling characteristics. In addition, 
only minor changes have been made to the method of analysing the samples, thus 
allowing retrospective and comparative analysis of the dataset. 
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2.2 Method development using geostatistical techniques 
Contour maps have a long history of use for depicting the spatial variability of ecological 
data. Many of these techniques, however, relied upon spatially-constrained techniques, or 
interpolation methods, that were not based on the spatial dependence of the variable 
under study. Many other methods used to rely on drawing contours by hand, using a 
limited amount of information. Obviously, this approach led to subjective interpretations, 
resulting in misinterpretation of some spatial structures and irregular contouring, that did 
not reflect the physical reality. These problems led to the development of automatic 
mapping techniques and optimum weighting methods of interpolation. Matheron ( 1963) 
emphasised the need for preliminary recognition of spatial variability when obtaining 
weights for spatial interpolation. This interpolation method is generally referred to as 
'kriging' and represents a core process pioneered by geostatisticians (lsaaks & Srivastava, 
1989). Recently, ecologists have begun to implement two geostatistical techniques: 
variography, which is one way to model spatial dependence, and kriging, which produces 
estimates for unrecorded locations (Seilkop, 1991 ). The main application of using these 
techniques is to map spatial data, particularly to estimate the values, atunsampled places, 
of properties that vary in space from sparse sample data (Oiiver & Webster, 1991 ). The 
approach has been used traditionally in earth sciences to analyse, model, estimate and 
contour the spatial distribution of natural resources (e.g. ore deposits, oil reserves) 
through the analysis of their spatial autocorrelation (Matheron, 1963; Simard et al., 
1992). Unlike conventional statistics, which assumes that random pairs of observations 
are independent from each other, geostatistics assume that pairs of observations can be 
spatially dependent and, therefore, unsampled points can be estimated from nearby 
samples. 
As mentioned in the Introduction (Section 1.3), physical, chemical and biological 
variables of natural environments are not randomly or uniformly distributed, but form 
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structures in space (e.g. gradients, recurrent patches, mosaics, etc.). For example, large-
scale horizontal gradients of surface temperature and salinity may be observed in the 
marine environment, together with localised patches caused by a variety of oceanographic 
features. Similarly, planktonic communities are structured in space due, partly, to the 
spatially-structured environment and/or as the result of biological interactions. The idea 
that biological/physical phenomena show structure in space is important when 
considering geostatistical techniques for, if the variable under study is distributed 
randomly (i.e. has no structure in space), the statistical description of the patterns will 
give relatively little information. 
As spatial structures exist, the realisation of an ecological variable at one location will be 
dependent on its realisation at nearby locations. This spatial dependence can be measured 
statistically by a variable's spatial autocorrelation/continuity (Simard et al., 1992). 
Spatial autocorrelation measures quantify the relationship between the value of a variable 
at one location and the value of the same variable at other locations (Legend re & Fortin, 
1989; Legendre, 1993). This concept of spatial autocorrelation (i.e. a variable that is 
spread out in space and shows some form of structure) is often referred to as the 
'regionalised variable theory' (Matheron, 1963; Burrough, 1986; Maruer, 1994). Spatial 
autocorrelation (or 'regionlisation') can be described by a mathematical function called 
'structure functions' - correlograms and semivariograms are examples of such functions. 
Geostatistical techniques use the semivariogram function (variography) to measure 
autocorrelation and obtain weights in the interpolation procedure. The geostatistical 
technique needed for mapping is a two step procedure: (I) the calculation of the 
experimental semivariogram and fitting the most appropriate model to it (i.e. the spatial 
dependence of the samples); and (2) the spatial interpolation process (kriging) which 
uses the semivariogram model to obtain weights for the interpolation procedure to 
estimate and map the variable of interest. Recently, geostatistical methods have been 
applied to the marine environment to map the spatial distribution of various benthic and 
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Figure 7: (a) Four of the most common theoretical semivariograrn models. (b) Most common 
form of the semivariogram function {bounded with si ll). Redrawn from Legendre & Fortin 
{1989); Oliver & Webster (1991). Semivariograms are used to describe the spatial 
autocorrelation of a variable. ln theory, when a variable reaches the sill, the variable as a 
function of distance (range) is no longer autocorrelated. Semivariograms, therefore, can measure 
the spatial scale of the variable and how it is structured in space as patches or gradients. 
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pelagic organisms (Sullivan, 1991; Simmonds et al., 1992; Simard et al., 1992; Gonzalez-
Gurriaran & Fernadez, 1993; Beliaeff & Cochard, 1995; Maravelias & Haralabous, 1995; 
Maynou et al., 1996; Planque & lbanez, 1996). 
The rationale for using geostatistical techniques stems from the ability to look at spatial 
structures on a finer-scale than described previously by the CPR survey, and from areas 
with only sparse samples. In addition, these techniques offer the opportunity to visualise 
spatia-temporal patterns simultaneously, i.e. comparing maps from different time-
periods.' This involves taking irregular spatially distributed data (such as CPR samples) 
and creating gridded data-sets. This approach is novel to the CPR survey, and has only 
been used previously to investigate long-term declines of migratory songbirds in North 
America (Maurer, 1994; Villard & Maurer, 1996). 
2.2.1 Variography (the semivariogramfunction) 
The semivariogram, the basic tool ofgeostatistics, is a mathematical description in which 
the variance of the variable of interest changes as the distance and direction separating 
any two points varies. The semivariogram has two main applications ingeostatistics: (I) 
optimum interpolation and (2) structure recognition. The semivariogram is a plot of the 
semivariance (y) which is a function of spatial distance between points. This is calculated 
as follows: 
~ ] N(h) 
y(h)= ~)Z(x;+h)-Z(x;)]2 (I) 
2N(h) i=l 
In the above equation, Z is the value of the variable of interest (e.g. plankton abundance) 
at point x 1; and x;+h is the value of the same variable at a point of distance h; and N(h) is 
the number of data points h units apart, known as the tag. Therefore, the semivariance is 
a function of h. The calculation ofy(h) is repeated for all samples within a defined 
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X3 
X2 
• X4 
Weighted averaging: 
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Z(xo) = L w;Z(x;) 
i= l 
Sample positions with 
known values Z(x1) 
Nodal point to be estimated Z(xo) 
Intersection of grid 
Z(xa) is the interpolated grid node value at (xa) 
N is the number of data points used to interpolate at the node, in this case 6 
Lll(J is the Z value at the ith data point 
w; is the weight associated with the ith data value when computing Z(xa). Weights 
obtained from the semivariogram. 
Figure 8: Kriging window showing nearest neighbours to the unknown value to be estimated Z(xo). 
The size and shape of the kriging window and the weights that must be used to estimate the unknown 
value are obtained from the semivariogram: 
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distance class. For example, if the first distance class (or fag I) is 50 km, then all data 
points falling between 0-50 km are included in the calculation for the first class size. If 
the next distance class size is I 00 km, then all data points between 50-I 00 km are 
included. This process is repeated until some arbitrary stopping point is reached. In the 
case of CPR data, which is two-dimensional in space (i.e. longitude and latitude), the 
vector h is expressed as the plane distance between one geographical position and another 
geographical position. As the average number of CPR samples per month IS 
approximately 300, the number of pairs of data points per month is n (n-1 )/2=44850. It 
must be noted that the Jag (h) refers not only to the distance, but also to the direction. If 
the form of the spatial variation is the same in all directions it is said to be 'isotropic' and 
an omnidirectional semivariogram is plotted. If the variation in different directions is not 
the same it is said to be 'anisotropic' (Burrough, 1987). For most applications, 
omnidirectional semivariograms are plotted. 
There are two types of semivariograms: the experimental and the theoretical. The 
experimental semivariogram is computed using Formula I. Once the experimental 
semivariogram is obtained and plotted on a x-y plot, with y(h) as a function of distance 
classes (h), a theoretical semivariogram model is fitted to it. The four most common 
theoretical semivariogram models are outlined below (Equations 2-5) and illustrated in 
Figure 7a. The parameters obtained from the fitted theoretical model are used in the 
kriging interpolation process and include the: si// ( C• ); range (a); and nugget ( Co ) (Fig. 
7b). 
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Spherical model: y(h) = Co+ c.[(3h/2a)-0.5 (h/a)'] for O<h< a 
for h;<: a (2) 
Exponential model: y(h) =eo+ c. [1-exp( -hla)] (3) 
Gaussian model: y(h) = Co + C• [ l-exp(-h 21a2)] (4) 
Linear model: y(h) = Co + bh (5) 
Where, a is the range; h is the tag (distance /and direction); b is the slope; Co is the 
nugget variance (intercept) and Co + C• equals the sill. 
If the semivariogram rises and then levels off or stabilises around some value, it is said to 
have reached a 'sill' (the semivariogram is bounded). Theoretically, the sill equates to 
the sample variance. Models with a sill include spherical, gaussian, and exponential. The 
linear semivariogram model indicates a linear spatial gradient and a sill is absent 
(unbounded). The distance at which the model reaches a sill is called the 'range'. The 
range is the distance at which the covariance becomes zero and the semivariogram stops 
increasing as distance increases. The range also marks the limit of the zone of influence 
of a single sample, beyond this, samples are no longer correlated and are independent (i.e. 
the limit of spatial dependence). The range, therefore, defines the average distance within 
which the samples remain spatially correlated. 
When the semivariance does not cross the y axis at zero, but shows some amount of 
variance at distance zero y(O), it is known as the 'nugget effect'. Ideally, the nugget 
effect should be zero, as two points separated by zero distance should have the same 
value. The nugget effect may indicate sampling errors (random variability in the data), or 
represent the sill of a very small structured component (micro-scale variability) whose 
range is much less than the sampling interval. A flat semivariogram, also called 'pure 
nugget effect', indicates the absence of spatial structure in the data. 
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Figure 9: An example of mapping using spatial constrained data. The distribution 
and seasonal occurrence of phytoplankton colour from Ried et al., ( 1987). These type 
of maps represent the main discontinuities of the variable under study they do not, 
however, represent spatial structures. 
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2. 2. 2 Kriging interpolation 
Basically, kriging is a spatial interpolation technique which takes into consideration the 
spatial variability of the variable under study and has its most common application in 
mapping (Lam, 1983). Kriging is a weighted, moving average technique (i.e. a moving 
'window' brackets sample locations to be used in the interpolation). These 'windows' 
contain the nearest neighbours to the unknown value. Like other estimation methods (e.g. 
trend surface analysis, spline), a kriged method is a weighted combination of the sample 
values around the point to be estimated. The latter can either be a point estimate (point 
kriging) used for mapping, or a block estimate (block kriging) for field or area estimates. 
Block estimates are obtained by averaging the value of Z over a block B (a block is a 
region of a particular size). 
Although virtually all interpolation procedures rely on weighted, moving averages, they 
differ by how the weights are initially chosen. As locations separated by small distances 
are more likely to have more similar data values than those separated by greater distances, 
many interpolation procedures rely on distance-related weights. Inverse-squared distance 
is a popular interpolation method because it reflects the distance-related correlation. With 
this method, weights on interpolation points decrease with the square of their distance 
from the point to be estimated and it is assumed that the dependence between samples 
varies linearly. This linear assumption is generally not true with semivariogram models 
produced with CPR data, as will be seen later (Section 2.3.2). Kriging differs in its 
interpolation procedure from all other interpolation methods by taking into account the 
information relevant to the spatial structure of the variable, rather than using a pre-
defined linear function as in the inverse-distance squared method. In most interpolation 
procedures, the selection of the window size is also arbitrary, therefore, it would be an 
advantage to pick an objective criterion that could determine the window size used for the 
moving average (Maurer, 1994). The kriging method can also solve the problem of size 
of the moving average window. If there is a well defined range to the semivariogram, it 
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can be used to define the size of the window. It is not necessary to include data points 
beyond the range of the semivariogram, which are considered to be spatially independent. 
Once the size of the window is established, the window is moved systematically across 
the surface to be interpolated (Fig. 8). The sampling points within the window are 
included in the moving average estimate until a regular spaced grid of estimates is 
obtained. The kriged estimate of the variable Z at a point (xo) is weighted by a factor 
(w;), which is dependent on the relative position of the sampling points, the theoretical 
semivariogram (the covariance between each data point), and the Z(x) values at the 
sampling points. The estimated point Z(xo) at each grid node is given by: 
A 
Z(xo) = w1Z(x1) + wzZ(x2)+, ............... , w .. Z(x,). (6) 
Furthermore, points near Z( xo) carry larger weights than those further away (nearest 
neighbours); points that are clustered carry less weight individually than lone points the 
same distance from Z(xo) in a different direction (Oliver & Webster, 1991). The 
weighting factor, w;, varies between 0 and I for each data point considered during grid 
interpolation. The sum of all the weighting factors used to calculate a grid node value is 
equal to I. Kriging is often referred to as an optimum interpolation method because the 
weights are chosen to minimise the estimation error. Through the fitted semivariogram 
model, and solving a series of mathematical equations, the estimation error is less than 
any other linear combination of observed values (Lam, 1983; Burrough, 1987; lsaaks & 
Srivastava, 1989; Seilkop, 1991 ). Kriging is also an exact interpolator (i.e. if the 
interpolated point coincides with a known data point, kriging will return that known 
value, weight= 1, with de= 0) (kriging error). Generally, for this type of analysis, errors 
associated with the kriging estimate tend to be highest where the sample data are sparse 
and lowest in the vicinity of highly sampled areas (Cressie, 1991 ). 
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Figure I 0: CPR sample distribution and density (70,000 samples) in the north-east Atlantic 
between the period 1960-1995. Each sample represents - 3m3 of seawater taken at an 
average depth of l Om. 
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Typically, results from the kriging process are displayed as a contour map (lines of equal 
value-isopleths) and represent estimates at the nodes of an arbituary fine scale grid (i.e. 
the grid is at a finer scale than the sampling). This interpolation method has been used 
successfully to map the spatial distributions of various benthic and pelagic organisms 
(Gonzalez-Gurriaran & Fernadez, 1993; Beliaeff & Cochard, 1995; Maravelias & 
Haralabous, 1995; Maynou el al., 1996; Planque & lbanez, 1996). This method is also of 
interest to ecologists because it allows the unbiased estimation of natural resources 
available for a given area (e.g. stock assessment) (Simard et al., 1992). Interpolated maps 
can only represent one variable at a time and are hence univariate. Although two, or 
three, maps may be superimposed over each other, there is no geostatistical test to 
compare similarity or significance between two maps. 
2.3 Spatial analysis ofphytoplankton 
Traditional methods of representing plankton distributions from the CPR dataset have 
been spatially constrained (i.e. averaged data from a large area) (Fig. 9). Although the 
spatially-constrained boxes (e.g. I 0 latitude by 2° longitude) have yielded meaningful 
ecological information, by isolating the main discontinuities and large-scale 
biogeography of species, they do not represent spatial structures (Pianque & lbanez, 
1996). Like most plankton data, CPR data can be autocorrelated and, with the use of 
geostatistics, spatial structures can be identi tied which can be used to map the 
distribution/abundance of a species. The area of investigation for the CPR dataset is the 
European continental shelf area (47° - 62°N, I5°W - 10°E), where CPR sampling 
resolution is highest. Approximately 70,000 samples between 1960-1995 were used in 
this study (Fig. I 0). 
One of the assumptions of geostatistics is that spatial structures are stable in time, at least 
for the duration of the sampling period (Simard et al., 1992), however, this is clearly not 
the case for CPR data, with the sampling period spanning 35 years. Therefore, due to the 
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Figure I I : A typical example of a long-term time series of a plankton species recorded by the 
Continuous Plankton Recorder survey ( 1950-1995), highlighting the high seasonal variability 
(light line) and the low annual variability (dark line). The repeated seasonal cycle of the 
species is very clear and the amplitude is much larger than that of the year-to-year changes. 
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]-dimensional nature of CPR data, two in space and one in time, there was a need to 
reduce the temporal signal from the spatial one. This problem can be overcome partially 
by temporally partitioning the data into shorter temporal periods and treating each 
temporally-partitioned dataset individually. For example, by using months (the CPR's 
smallest temporal scale) as the coarse-scale subset, the spatial variability should override 
the temporal signal; in ecological time-series, most temporal variability is caused by 
seasonal variability. 
Oliver & Webster ( 1991) recommended that a minimum of I 00 samples is needed to 
estimate a semivariogram reasonably precisely. In the North Atlantic, a monthly CPR 
dataset generally consists of between I 00-300 samples. However, treating each month 
independently over a large geographical area would reduce drastically the sampling 
intensity, corresponding to around 200km between regular points. The method used here 
was to group the same months into groups representing years close in time, thereby, 
reducing the temporal influence and increasing the sampling intensity (approximately 
I 000-1500 samples per semivariogram). Increasing the sample intensity also improves 
the Goodness to Fit of the chosen spatial model; more than >80% of the variance is 
explained by the chosen spatial model. As most temporal variability in many ecological 
dataset results from monthly variation, it is unwise to group months together, for example 
April and May are close in time but are highly dissimilar in abundance. lnterannual 
variability, however, is less variable, (Fig. 11 ), so it is possible to group years close in 
time. The time sets consist of 5-year intervals running from 1960-1995. Although the 5-
year interval was chosen because of its ease of manipulation, there was some tentative 
statistical reasoning for this. Temporal autocorrelation between the same month and 
different years resulted in positive autocorrelations for the first five years, beyond this, 
years were negatively autocorrelated. The end result of this approach produced 72 
gridded datasets from the irregularly, spatially-distributed data shown in Figure I 0. 
Consequently, the type of analysis discussed earlier in the chapter was performed 
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d1e CPR survey, samples are temporally partitioned to produce a set of regularly spaced gridded data-
sets. The gridded data-sets can then be used to map the particular variable of interest. 
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separately for each time-period (72 in total). Each individual month involved the 
estimation of the semi variance function and a gridded dataset for six time-periods, made 
up of five-year periods from 1960-1995 (Fig. 12). This method allowed a visual 
representation of the spatial changes in phytoplankton abundance over time. 
2. 3.1 Map projection, distance and search parameters 
Traditionally, the Jag distance used to calculate the semivariogram is set to the grid 
spacing, however, this approach implies that the sampling is systematic (i.e. uses a 
regular grid of points (nodes)). The sampling resolution of the CPR survey is considered 
to be I 0-20nm ( 18.5-3 7km), however, the survey does not comform to any classical 
method of sampling (e.g. random, systematic). Hence, when using a large geographical 
area, the CPR samples become irregularly spaced and the sample spacing will increase. 
In such cases, the Jag spacing is usually set to the average spacing between neighbouring 
samples (lsaaks & Srivastava, 1989). Using each time-set for each month (approximately 
I 000-1500 samples), the average spacing is 40nm (75km) and this value was used as the 
Jag spacing (Tab. 2.1 ). 
In mapping, kriging estimation values are interpolated on a regular grid that is finer than 
the spacing used for sampling. The grid resolution of the area of investigation in the 
north-east Atlantic (where sampling intensity is highest) was 0.5 latitude by 0.75 
longitude (Fig. 13 ). Using this grid resolution, the approximate distance between nodes 
was 50km, thereby, mapping on a finer scale than the sample spacing. If the grid 
resolution is too far below the sampling resolution, the interpolated representation may 
create superficial fine-scale structures. However, if the grid resolution is too high, finer-
scale patterns will be lost. A balance has to be maintained in which the resolution is kept 
as high as possible without falling too far below the sampling resolution. Although the 
grid resolution has been set at 0.5 lat by 0.75 long, this can be modified to a finer-scale by 
smoothing methods, if this is thought appropriate. 
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Figure 13: The grid resolution and search parameters adopted for the spatial interpolation of 
CPR data. Grid resolution 34x3 1, 0.5° Latitude by 0.75° Longitude. The grid resolution is 
originally dependent of the average distance of CPR samples for a given area and the search 
range is dependent on how the variable of interest is spatially structured. 
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The Mercator projection, traditionally used in oceanography, has been adopted for map 
projection in this study. The grid resolution and projection were set to replicate as close 
as possible the standard rectangles used by the International Council for the Exploration 
of the Sea (ICES) in this area. lt must be noted that large distances should be treated with 
caution due to differences in the plane (flat projection) and actual distance (spherical 
projection). Any distance greater than SOOnm (925km) will be slightly shorter than the 
plane distance. For example, the plane distance of 1128nm would be the actual distance 
of I 060nm. However, all distances of interest (i.e. distance of spatial structure and range 
of interpolation) all fall below SOOnm, and as a result, spherical distances were not used 
to work out distances between samples, as samples over SOOnm are irrelevant in the 
interpolation procedure. 
Table 2.1: Approximate distance lags used in the computation of experimental variograms per 
month and time-set. 
Distance Lag Nautical miles Km 
1 0-40 0-75 
2 40-80 75-150 
3 80-120 150-225 
4 120-160 225-300 
5 160-200 300-370 
6 200-240 370-445 
7 240-280 445-520 
8 280-320 520-590 
9 320-360 590-665 
10 360-400 665-740 
The search parameters refer to how the weighted interpolation procedures work when 
searching the data. Generally, the weights given to samples surrounding the grid nodes 
are higher for the nearest neighbours, and decrease with the distance between samples 
and grid nodes. However, if the number of neighbours around the grid node do not fulfil 
the search parameters, the accuracy of the estimation is reduced because not enough 
information is present about the local variable. The search method used here is 
omnidirectional (i.e. everything in all directions within the range will be included in the 
interpolation). The kriging window was divided into quarters and the nearest neighbours 
in each quarter were used. This procedure ensured that points clustered in one area 
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Figure 14: Typical example of one of the 72 semivariograms calculated for kriging purposes. 
The omnidirectional semivariogram for March (1990-1995) shows the experimental variogram 
(dotted line) fitted with the theoretical spherical model (unbroken line) as a function of distance 
(nautical miles). Spatial structure ranging to 300 nm. The map shows the sampling positions for 
that particular time-period. The average spatial structure (range) of all the semivariograms 
ranged between 250-600 Km. Phytoplankton biomass structures at these distances represent 
mainly mesoscale structures (e.g. upwelling, eddies, small-ocean basins, currents and oceanic 
fronts). 
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carried less individual weight than lone samples in a different area (Fig. 13). As a general 
rule, the minimum number of neighbours in each sector was set to 2. If the node did not 
fulfil these parameters, the grid returned a blank value. In some cases, it can be desirable 
(in terms of computation) to have a maximum number of sample points to perform the 
interpolation, since the nearest neighbours have highest weights and distance sample 
weights are often negligible. Leaving out these samples has little effect on the estimation 
(Cressie, 1991 ). The maximum distance between grid nodes and samples was set to the 
value of the range (given by the semivariogram). The main disadvantages of using 
kriging relate to the extensive calculation required to obtain results. The advent of 
computer packages, which can handle large datasets, allows geostatistical mapping of 
CPR data, even though the computer is still restricted to handling <1500 samples at any 
one time. 
2.3.2 Producing the temporally partitioned gridded datasets 
For each of the 72 time-periods, a semivarance function was estimated. Figure 14 shows 
a typical example of one of the 72 semivariograms calculated. Fortunately, the 
semivariogram behaves in a predictable manner, allowing easy modelling, probably due 
to the large number of samples used to estimate the semivariogram. The dotted line 
shows the experimental semivariogram calculated from the data for March ( 1990-1995) 
(Fig.l4). As with virtually all semivariograms calculated from the different time-periods, 
the experimental data were fitted with a spherical model (a few exceptions had gaussian 
models). The omnidirectional semivariogram of phytoplankton colour rises to 
approximately 300 nm. After this the semivariogram levels off and reaches the sill 
(Fig.l4). Beyond this range of 300 nm, samples are no longer spatially autocorrelated 
and are spatially independent. From the 72 time-periods, the range varied between 160-
360nm. What can also be seen from Figure 14, is that the semivariance does not cross the 
y axis at zero, but shows some amount of variance at distance zero. This phenomenon is 
known as the 'nugget effect' and usually denotes small-scale variability (i.e. the amount 
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of variability between the sample points). However, in this case, it may also denote 
interannual sample variability. These parameters described by the theoretical 
semivariogram were used to obtain weights for the kriging interpolation process. The 
semivariogram model is thus described as isotropic+ nugget+ spherical, with sill (c' ); = 
0.425; range (a)= 300 nm; and nugget (eo)= 0.225. 
The mean spatial distribution pattern of phytoplankton colour was calculated by 
averaging the abundance at each grid node from the 72 gridded datasets produced by 
kriging (Fig. 15). The mean spatial distribution of colour is characterised by high 
abundances in the southern North Sea along the Dutch, Danish, and German coasts. High 
abundances were also found near the Orkney-Shetland channel, the Firth of Forth, and the 
central English Channel. Low abundances were found off the continental shelf in oceanic 
areas. Although the extent to which phytoplankton colour represents actual values of 
phytoplankton biomass or production is not clear, the spatial distribution patterns of 
phytoplankton colour show remarkably similar patterns to estimated annual primary 
production values for the North Sea presented by Lenhart et al. ( 1997). The spatial 
distribution patterns, and how they change seasonally over time, will be investigated m 
the next chapter. 
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Figure 15: kriged estimates of the mean spatial distibution of phytoplankton 
colour index using all 72 grids between 1960-1995. 
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Chapter 3 
Seasonal patterns of phytoplankton 
biomass and hydrography 
This chapter describes the seasonal evolution of phytoplankton biomass 
and its association with the hydrography of the north-east Atlantic. 
After a brief introduction to the hydrography of the north-east Atlantic, 
the seasonal spatio-temporal patterns of phytoplankton are described 
from the beginning of the spring bloom to the end of the productive 
season in winter. The spatial distribution of phytoplankton colour is 
discussed in relation to other biomass/production estimates. Finally, 
the spatial variability of the seasonal cycle is discussed and six distinct 
regional areas for the north-east Atlantic were produced. 
Aspects of this chapter are included in the following report: 
Edwards, M., & Reid, P.C. 1999. Large-scale spatio-temporal 
patterns in phytoplankton biomass ( 1960-1995): implications for 
the management of eutrophication in the southern North Sea. 
Report to the Department of the Environment, Transport and the 
Regions (DETR). Contract CW0839: J-72. 
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Chapter 3: Seasonal patterns of phytoplankton 
biomass and hydrography 
3 .I The hydrography of the north-east Atlantic 
This section provides a summary of the hydrography of the north-east Atlantic as 
background for the interpretation of the phytoplankton patterns described later in the 
chapter. The north-east Atlantic contains a large proportion of the European continental 
shelf, which varies in depth between 0-200m (Fig. 16). The North Sea dominates the 
continental shelf, with other minor shelf seas including the English Channel, Celtic and 
Irish Sea, making up the rest of the shelf. The North Sea is a shallow basin that deepens 
gradually from > 20m, in the southern North Sea, to 200m in the northern North Sea. 
One of the most geographically pronounced areas of the North Sea is the Dogger Bank 
area of the central North Sea. The Dogger Bank, which is approximately 20m in depth, 
plays an important role in the hydrographic structure of the North Sea by separating it 
into two hydrographically different parts (Otto et al., 1990). Another pronounced 
geographical feature in the North Sea is the Norwegian Trench which has a depth of 
approximately 700m. At the edges of the continental shelf, the depth increases rapidly. 
The continental slope south of 48"N is particularly steep with depths increasing from 200-
4000m over a horizontal difference of roughly 60km (Holligan & Groom, 1986). Most of 
the other continental slope areas (e.g. the Hebridean shelf) range between 200-2000m, 
with the deeper oceanic basin punctuated by the shallower Porcupine Bank and the 
Rock all Plateau. One of the most geographically pronounced areas of the oceanic basin 
in the north-east Atlantic is the steep-sided, elongated depression known as the Rockall 
Trough with a depth range of between 2000-JOOOm. 
The different water masses of the north-east Atlantic may be distinguished by their 
salinity and sea surface temperature. Atlantic water, characterised by salinities > 35%o, 
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Figure 16: Hydrography and topography of the north-east Atlantic. Main map showing 
topography and names used in the text. Salinity, temperature and current maps based on 
Otto et al. (1990). Eutrophicated areas with elevated nutrient concentrations based on 
OSPARCOM (1992). 
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has an important influence on North Sea hydrodynamics. Warm (in winter), high salinity 
Atlantic water enters the North Sea through the English Channel and around the north of 
Scotland. In general, the Atlantic water intrudes further into the North Sea during winter 
than in summer. In the Southern Bight, the effects of Atlantic inflow have an important 
influence on turbidity with a relatively clear tongue of Atlantic water (> 34.75%o) 
entering the North Sea via the Dover Channel (ICONA, 1992). Apart from oceanic 
influences, the North Sea experiences strong coastal influences as low salinity masses are 
formed from the admixture of freshwater run-off and Atlantic water. Along the eastern 
English and Scottish coast, salinities usually range between 34-35%o, with the continental 
coast experiencing salinities of 29-30%o. Another important water mass affecting the 
North Sea is the Baltic outflow via the Skagerrak, containing salinities of 24-30%o 
(Holligan et al., 1989). Seasonal changes in surface temperature in the north-east 
Atlantic are most pronounced in the southern and eastern parts of the North Sea, where 
water is relatively shallow and influenced by a more extreme continental climate. 
Perhaps the most dominant currents, in terms of flow, in the north-east Atlantic are the 
North Atlantic Drift (which travels from west to east through the Faeroe-Shetland 
Channel) and the Shelf Edge Current (which carries warmer waters from the Bay of 
Biscay further north along the continental shelf). The two major currents entering the 
North Sea from the north, bringing in oceanic water, are the Fair Isle Current (entering 
through the Orkney and Shetland Islands) and the East Shetland Atlantic Inflow (entering 
around the north of Scotland) (Lee, 1970). The influence of Atlantic water on the 
northern North Sea reaches the northern margin of the Dogger Bank. The most important 
hydrodynamic force in the North Sea itself is the tidal motion and is chiefly responsible 
for the predominantly anti-clockwise residual currents that effect the North Sea coast 
(Otto et al., 1990). The strongest tidal currents in the north-east Atlantic occur in the 
Southern Bight, the German Bight, and off the eastern coastline of Scotland between 
Orkney and Shetland. The combination of variations in depth and tidal currents separates 
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the North Sea into two distinct hydrographic regimes, with an area of strong-tidal mixing 
in the south staying permanently mixed throughout the year and the deeper parts of the 
North Sea in the north becoming stratified during summer (Pingree & Griffiths, 1978). 
The stratification of the water column has important biological implications that will be 
discussed later. Tidal mixing and stratification also have a pronounced influence on 
surface turbidity. Highest turbidity occurs in areas subjected to strong tidal action (e.g. 
the Southern Bight and the German Bight). Weaker mixing (in summer), due to 
stratification of the water column, causes a general reduction in turbidity levels. 
In areas where two different water masses (e.g. stratified and tidally mixed) meet, a 
frontal boundary may be formed. These fronts may be expected to occur in the 
transitional zones between stratified and well-mixed water masses, and may experience 
enhanced nutrient concentrations (Pingree et al., 1978). Some of the most important 
macronutrients necessary for phytoplankton production are nitrogen (nitrate/nitrite) and 
phosphate compounds, and, to a lesser extent, silicate, which is essential for diatom 
growth. Brockmann et al. ( 1990) showed that the distribution of these different 
macronutrients in the North Sea was fairly similar. A naturally-enhanced area of nutrient 
concentration occurs in the northern North Sea, which is under the influence of Atlantic 
water bringing higher concentrations into the North Sea. The Atlantic inflow is thus an 
important source of these nutrients for the North Sea, and higher concentrations are found 
in the northern compared with the central North Sea. In the North Sea, highest 
concentrations of nutrients occur towards the coasts as a consequence of an increased 
admixture of nutrient-rich, freshwater runoff. The southern North Sea areas, particularly 
those around river mouths and estuaries in the Southern Bight and German Bight, have 
the highest concentrations of nutrients. The latter are. considered to have become 
increasingly eutrophicated over the last 30 years due to agricultural and industrial runoff 
(Cadee, 1990; Lancelot et al., 1990; Colijn, 1992; OSPARCOM, 1992; Riegman et al., 
1992). 
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3.2 Seasonal spatio-temporal patterns 
Using the methods discussed in Chapter 2, the 72 temporally-partitioned datasets were 
used to examine the seasonal changes in phytoplankton colour. Each month consisted of 
six maps representing six time periods ( 1960-1965, 1966-1971, 1972-1977, 1978-1983, 
1984-1989, 1990-1995). From the six maps for each month, a mean map was produced 
by averaging the six maps at each grid node to give a mean spatial distribution (Fig. 17). 
Each mean monthly map was made up of approximately 5,000-6,000 CPR samples taken 
in the north-east Atlantic between 1960 and 1995 (Fig. 18). 
3. 2. 1 Spring 
In March, the spring bloom was developed in some restricted areas of the North Sea. The 
phytoplankton colour index was highest around the Dogger Bank, the Dutch coastal areas 
of the Southern Bight, and in the entrances of the Skagerrak. In the rest of the southern 
and central North Sea, the spring bloom was in its infancy. A small area on the west 
coast of Scotland, just north of Ireland, also showed signs of bloom development during 
March. By April, the spring bloom had spread to envelop the whole North Sea, Celtic 
Sea and other European continental shelf seas. Particularly high phytoplankton colour 
values were found along the Dutch coastal areas and the north-east coast of Scotland. 
Whereas the spring bloom was well established on the continental shelf in April, the 
oceanic areas of the north-east Atlantic did not begin to bloom until May. Highest values 
in oceanic areas were found in the Rockall Trough, the continental shelf margins and 
around the Shetland Islands. The English Channel also recorded highest values during 
May. By May, deeper areas of the North Sea, away from coastal areas, showed signs of 
decreasing colour, signalling the end of the spring bloom. 
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Figure 17: Kriged estimates of the mean monthly spatial distribution of 
phytoplankton colour 1960-1 995. 
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In most cases, in the pelagic zone the degree of light penetration is the predominant factor 
determining the onset and timing of the spring phytoplankton bloom, both in neritic and 
oceanic environments. The availability of light able to penetrate the euphotic zone is 
controlled by day length/strength of solar radiation and cloudiness (a limiting factor in 
winter), the degree of mixing of the water column and suspended matter. In March, the 
deeper areas of the North Sea, and oceanic areas of the north-east Atlantic, were still 
restricted by turbulence. In some areas, however, the phytoplankton did respond to the 
increase in light conditions. These areas were usually shallow, so the phytoplankton were 
not suspended below the level of light penetration and had low levels of suspended 
matter. In March, these three areas were identified from Figure 17 as the Dogger Bank, 
the Dutch west coast and the Skagerrak. Horwood et al. ( 1982) also observed that the 
spring bloom off the English coast was initiated in the Dogger Bank area and attributed 
the early start to low levels of suspended matter. The early start to the spring bloom 
along the Dutch coast is also attributed to low levels of suspended matter and lies to the 
east of the maximum salinity tongue of Atlantic water entering the entrance of the 
southern North Sea (van Beusekom & Diel-Christiansen, 1994). In these shallow, low-
turbidity waters, the spring bloom was well established by March. However, other 
shallow areas of the southern and central North Sea, were still restricted by large 
quantities of suspended matter, and did not reach peak biomass until April (see Fig. 19). 
The entrances of the Skagerrak were, by contrast, influenced by early hat ine stratification 
caused by the outflow of low salinity water from surface runoff. The intensity of this 
stratification increased from winter to summer, with an increase in the low-salinity Baltic 
outflow. The resultant shallow-mixing depth caused by the I Om pycnocline enabled early 
phytoplankton blooms at the entrances of the Skagerrak (Richardson & Christoffersen, 
1991). 
In April, the bloom spread into the turbid coastal waters, and into the deeper parts of the 
North Sea and other continental shelf seas (Fig. 17). In these areas, the bloom peaked 
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Figure 18: CPR monthly sample distribution and density between 1960-1995. 
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during April. The primary mechanism initiating the spring bloom in these areas is the 
alternation between vertical mixing and stratification of the water column, and hence the 
availability of light (Cushing, 1990). The unstable, well-mixed conditions were 
maintained during the winter months by high surface wind stress and/or tidal mixing (the 
phytoplankton are mixed to greater depths). During the spririg months, water 
temperatures rise due to increased solar radiation coupled with reduced wind sheer 
initiating the onset of stratification of the water column. The transitional period between 
well-mixed to stratified water, and the resultant shallowing of the thermocline above a 
critical depth (phytoplankton are now mixed in a layer which provides sufficient light), 
was characterised by an exponential growth of diatoms. From the CPR data, the diatom 
assemblage was dominated by Chaetoceros spp., Nitzschia seriata, Thalassionema 
nitzschiodes and Thalassiosira spp. During May, the bloom spread from the continental 
shelf seas into oceanic areas, with particularly high values recorded along the shelf 
margins and the Rockall Trough. Satellite observations of chlorophyll for this area 
showed similar patterns with colour for this month (Holligan & Groom, 1986). The 
northern oceanic area, north of the Rockall Trough and west of the Faeroe Islands, did not 
show any signs of bloom formation, perhaps due to the colder water and deep vertical 
mixing found in this area at this time. 
3. 2. 2 Summer 
In June, the phytoplankton bloom was receding in the North and Celtic Seas. However, 
high values were still present along the Dutch coast and in the German Bight. The Irish 
Sea and the English Channel also recorded high values, but there was a sharp boundary of 
low values between these areas and the Celtic Sea. Whereas the southern North Sea high 
values persisted throughout the summer months, the central and northern North Sea had 
very low values of phytoplankton colour. The northern oceanic area, north of the Rockall 
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North Sea 
Figure 19: Suspended matter in mg/1 water for the North Sea. From ICON A ( 1992). Note the 
clear area of water at the entrance of the southern North Sea. This is caused by the presence of 
relatively clear Atlantic water entering through the Dover Strait. 
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Trough and west of the Faeroe Islands, began to show higher values in June. In oceanic 
areas, Rockall Trough appeared most productive during the summer months. During the 
summer months (Fig. 17), certain areas with high values of phytoplankton persistently 
occurred. These areas included the Dutch coastal areas, the German Bight and the Danish 
coast, the area between the Shetland and Orkney Islands, and the western English 
Channel (between the south-west peninsula of England and Brittany). 
During spring and into the summer months, water temperature continuously rises due to 
increasing solar radiation. In the deeper parts of the North Sea and the Celtic Sea, 
stratification occurs in the surface layers of the water column. In the shallow parts of the 
southern North Sea, the English Channel and parts of the Irish Sea, stratification is 
prevented by tidally-mixed turbulence (Pingree & Griffiths, 1978; Pingree et al.. 1978). 
Figure 20 shows the similarity in spatial patterns between the phytoplankton colour 
during summer and the areas of stratified and well-mixed water masses on the continental 
shelf. In areas where stratification occurs in the north-east Atlantic, a seasonally 
persistent thermocline is established. The thermocline creates a physical boundary 
between two distinct water masses in the water column, preventing mixing of the warmer 
euphotic zone water with the colder bottom water. During the winter and early spring 
months, turbulence, and the amount of light able to penetrate the euphotic zone. is a 
limiting factor controlling phytoplankton production. During the summer months, 
nutrients, essential to phytoplankton growth, become the limiting factor (Cushing, 1990). 
Whereas the stratified areas of the north-east Atlantic are limited by nutrients, the 
shallow, turbulent coastal zones are not nutrient limited. These two distinct 
hydrographical environments have a profound effect on phytoplankton development 
(Margalef, 1978; Tett & Mills, 1991 ). Under stratified conditions, nutrients in the upper 
water column will soon become depleted after the exuberant spring phytoplankton bloom 
and a phytoplankton community evolves which is adapted to the low nutrient, low-
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turbulent conditions. The initial stages of the spring bloom is dominated by diatoms, with 
a shift in community composition favouring small flagellates when silica (essential for 
diatom growth) becomes limited in the stratified upper layers of the water column. The 
subsequent flagellate and dinoflagellate growth is determined by the amount of nitrogen 
and phosphorus left over by the initial diatom bloom, with the proportion and ratio of the 
available nutrients influencing the species composition (Holligan, 1987). From the CPR 
data, the phytoplankton assemblage was dominated by dinotlagellates, particl.llarly 
Ceratium species (e.g. Ceratium fosus, Ceratium tripos, Ceratium forca, Protoperidinum 
.1pp., Dinophysis spp.). 
In contrast to the deeper areas of the North Sea and Celtic Sea, the well-mixed, coastal 
zone is subject to a continuous nutrient input from river runoff and constant mixing of the 
water column. Where nutrients are not a limiting factor for phytoplankton, nutrient ratios 
are considered important in controlling species composition (van Beusekom & Diei-
Christiansen, 1994). In these high nutrient areas, nutrient ratios (e.g low phosphate and 
silicate, with high nitrate levels) may trigger monospecific blooms, with some species 
inducing toxicity (Gowen, 1987; Parker, 1987; Prakash, 1987; Reid, 1997). One of the 
most common species forming massive blooms along continental coastal areas in summer 
is Phaeocystis spp. (Lancelot et al., 1987). It is thought that these eutrophicated areas, 
with their increased nutrient levels, induce enhanced algal biomss (Cadee, 1990; Colijn, 
1992; Lancelot et al., 1990; Reid et al., 1990; Riegman et al., 1992). From Figure 17, it 
can be seen that particularly high values of phytoplankton colour occur in summer along 
the Dutch coast and in the German Bight, suggesting enhanced algal biomass caused by 
eutrophication. Coastal Zone Colour Scanner (CZCS) images for the German Bight taken 
during the summer months between 1979-1984 also indicate relatively high surface 
chlorophyll levels (Holligan et al., 1989). The highest chlorophyll values were seen close 
to the coast, particularly around the Elbe Estuary. Low levels of chlorophyll were 
recorded in the more stratified waters further offshore. The high levels of phytoplankton 
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Figure 20: The relationship between the spatial distribution of phytoplankton colour in the 
summer (bottom figure) and the hydrography of the North Sea (top figure). The relationship is 
particularly strong between tidally mixed waters (southern North Sea) and summer stratified 
waters (central and northern North Sea). Hashed line indicates transitional areas (tidal fronts) 
between stratified and mixed water masses. Summary of hydrography from van Beusekom & 
Diel-Christiansen ( 1994). 
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colour recorded between the Shetland and Orkney Islands, and oceanic waters around the 
Rockall Trough, during the summer months correspond with large coccolithophore 
blooms recorded by satellite in July 1982 (Holligan et al., 1993). Rick ( 1990) also 
reported high primary production values during summer for the area between the 
Shetland and Orkney Islands. Hydrographic boundaries, such as tidal fronts found 
around the Orkney and Shetland Islands (Fig. 20), and oceanic inflow may influence the 
enhanced productivity of this region (Lee, 1970; Otto et al., 1990). Similarly, the high 
values recorded in the western English Channel (between the south-west peninsula of 
England and Brittany) may be a reflection of the frontal boundary (Ushant front) found in 
this area (see Fig. 20). On continental shelf seas, where permanently-mixed water meets 
stratified water, a frontal boundary is formed. The difference between the two water 
masses is a function of the strength of the tidal currents and the depth of the water 
(Pingree & Griffiths, 1978). There is some evidence to suggest that near the boundary, 
between the two contrasting water masses, an area of higher productivity is maintained by 
the mixing of nutrients at various tidal states (Pingreee/ al., 1974). It can be argued that 
the scale of the phytoplankton maps shown in Figure 17 is probably too large to identify a 
frontal boundary. The spatial patterns of phytoplankton, however, correspond to the 
transitional waters found in this region (see Fig. 20). 
3.2.3 Autumn 
In September, the northern and central North Sea showed a considerable change from the 
summer months, with higher recorded phytoplankton colour values. These high values 
did not exceed those experienced in spring, but were higher than in June, July, and 
August. In the English Channel and Irish Sea, phytoplankton productivity began to 
decline. By October, phytoplankton production had ended in the northern North Sea, 
English Channel and Irish Sea; however, fairly high values were still recorded in the 
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central and southern North Sea. Whereas during September the southern oceanic areas, 
and deeper parts of the Celtic Sea(> I OOm), recorded low values, in October, these areas 
experienced high phytoplankton production similar to the patterns seen in the North Sea 
in the previous month. High values were recorded also in the area on the west coast of 
Scotland, just north of Ireland. By November, phytoplankton production had ceased in 
virtually all areas of the north-east Atlantic, except for the southern North Sea. 
During the autumn months, the water temperature begins to decrease. This surface 
cooling, coupled with an increase in autumnal storms, begins to break down the 
thermocline (Cushing, 1990; Holligan, 1987). For much of the summer in the northern 
and central North Sea, a permanent thermocline is established and colder, nutrient rich 
bottom water is unable to mix with the warmer, nutrient poor surface waters. With the 
breakdown of the thermocline during September, there is an accompanying nutrient 
injection as a result of the two water masses mixing. In certain areas of the north-east 
Atlantic, where stratification occurred during the summer months, the disintegration of 
the thermocline leads to an autumnal bloom of diatoms and dinotlagellates. From CPR 
data, various diatoms such as Rhizosolenia spp. and Chaetocerus spp., and larger 
dinoflagellates such as Ceratium spp., dominated the phytoplankton assemblage. The 
September breakdown of the thermocline in the northern and central North Sea is seen in 
the Celtic Sea and southern oceanic areas in October. In the coastal, well-mixed areas of 
the North Sea an autumnal bloom is not experienced, with the end of the growing season 
more dependent on the degree of solar radiation and the turbidity of the water. 
3.2.4 Winter 
By December, the phytoplankton-growing season in the north-east Atlantic has all but 
ended except for restricted areas of the southern North Sea. Turbidity and turbulence is 
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increased by wind and wave action (with phytoplankton being mixed into deeper depths 
of the water column) and, together with decreasing light, determines the end of the 
growing season in most parts of the north-east Atlantic. Low temperatures and high 
surface wind stress maintain these unstable, well-mixed conditions into the months of 
January and February. It is only in the areas of the Dogger Bank and Dutch coastal areas 
in the Southern Bight where phytoplankton production has does not terminate. In these 
shallow, low turbidity waters, low values of phytoplankton colour occur throughout 
winter until March. In March, these areas become the first to bloom and the seasonal 
cycle begins again. Joint & Pomroy ( 1992) recorded production values of 0.3-0.6 g C m2 
per day during early January 1989 in the Dogger Bank area; these values were the highest 
in the entire North Sea at this time. 
3.3 Spatial distribution of colour and other biomass/production 
estimates 
During the past 30 years, limited primary productivity data have been published. 
Measurements have often been spatial and temporally restricted, however, a few datasets 
cover larger areas (Owens et al., 1990; Rick, 1990; Joint & Pomroy, 1992). These larger 
areas are generally restricted to the North Sea and do not cover the offshore areas shown 
by phytoplankton colour maps produced in this study. The extent to which these 
phytoplankton colour values represent actual values of biomass or primary production it 
is not yet established. However, primary production and biomass estimates appear to 
have similar spatial distribution patterns to phytoplankton colour, with areas of high 
primary production/biomass values corresponding with areas of high phytoplankton 
colour and vice versa (Fig. 21 ). The highest annual estimates of primary production 
(300-250 g C 2 a-1) from modelling results (Lenhart et al. 1997) and phytoplankton colour 
were found along the continental coast of the southern North Sea, and are attributed to 
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Figure 21 : Similarity between the spatial distribution of phytoplankton colour and other 
phytoplankton biomass/production estimates for the North Sea. Annual primary production 
estimates (g C) from Lenhart et al. (1997). Winter primary production estimates (mg C) from Rick (1990). 
Coastal Zone Colour Scanner (CZCS) image (mg pigment concentration) for summer from Aiken (1 989). 
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high nutrient levels found in these areas (Cadee, 1990; Lance lot et al., 1990; Re id et al., 
1990; Colijn, 1992; Riegman et al., 1992). These well-mixed, shallow coastal zones are 
subject to a continuous nutrient input from river runoff and constant mixing of the water 
column, and do not experience intense summer stratification (thus are not nutrient limited 
during the summer months). High annual estimates of primary production and 
phytoplankton colour were also found in the Firth of Forth. Low values of phytoplankton 
colour and primary production (75 g C 2 a· 1) were found in the offshore areas of the 
northern North Sea. Primary production estimates for winter (Rick, 1990) and winter 
phytoplankton colour also show similarities in their spatial distribution patterns, with 
highest values for both found on the Dogger Bank, Dutch coastal areas and in the 
entrance of the Skagerrak (I 00-200 mg Cm2 x h). Coastal Zone Colour Scanner (CZCS) 
images for the southern North Sea, taken during the summer months between 1979-1984, 
indicated high surface chlorophyll levels (I 0-30 mg m·3) along the continental coast and 
low levels of chlorophyll in the more stratified waters further offshore ( 1-5 mg m'3) 
(Holligan et al., 1989). These patterns are very similar to phytoplankton colour values 
recorded in summer, with highest colour values recorded along the coast, and 
phytoplankton colour virtually absent in the off-shore stratified areas of the central and 
northern North Sea. 
lt must be noted that the maps shown in Figures 17 and 21 are only estimates of the 
seasonal spatia-temporal patterns of phytoplankton colour. Errors associated with the 
kriging estimate tend to be highest where sample data are sparse and lowest in the vicinity 
of high sample areas. However, the strength of the mapping techniques and the reliability 
of the maps seem to be quite accurate and justified as they were able to identify the three 
early bloom areas (which are on a small-scale) previously described by Horwood et. al. 
( 1982); Richardson & Christoffersen ( 1991) and van Beusekom & Diel-Christiansen 
( 1994). Areas of high phytoplankton colour also correspond with high primary 
production estimates from earlier studies in the North Sea and the general patterns of 
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hydrography (particularly well-mixed and stratified water areas) correspond very well 
with the patterns ofphytoplankton colour. 
3.4 Spatial variability of the seasonal cycle 
Using kriging estimates and the same grid resolution used previously, the spatial 
variability of the seasonal cycle of phytoplankton was examined. Instead of using point 
kriging for contouring purposes as shown in Figure 17, the estimated value of the node 
was projected as a block proportional to the area it represented. Blocks were used to aid 
delineation of the chosen regional areas. The regional variability of the phytoplankton 
colour seasonal cycle was represented by a four arbitrary class system representing 25 % 
of the value range of the overall annual abundance and duration of the seasonal cycle 
(Fig. 22). Although no objective criteria were used to choose the number of clusters (or 
groups representing the same value range), four clusters were selected to define the 
various spatial boundaries, thereby, keeping the number of distinct clusters to a minimum 
and aiding interpretation of the data. Similarly, the regional variability of the timing of 
the spring bloom (Fig. 22) was examined using four arbitrary classes (representing 25% 
of the value range) and based on the abundance ofphytoplankton colour for March. 
Results showing the regional variability of the phytoplankton colour indicated that the 
continental coastal areas of the North Sea were clustered together (Fig. 22). This regional 
area included the majority of Dutch coastal areas (Southern Bight), the Danish and 
German coastal areas (German Bight), and extending roughly to the Dogger Bank area. 
These areas, all located in waters generally less than 30 m in depth, were characterised by 
the highest values of phytoplankton colour, the longest seasonal duration of colour, and 
were some of the first areas to show the spring bloom in the north-east Atlantic. The 
seasonal cycle was quite constant throughout the summer months with very high values 
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Figure 22: Regional variability of the phytoplankton colour seasonal cycle represented 
by the timing of the spring bloom and the overall abundance. The four arbituary 
class system was chosen to aid interpretation with each class representing 25 % of 
the value range. Graphs represent the mean seasonal cycle of phytoplankton colour 
for the regional areas. 
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recorded in July and August. This regional area does not experience a classical autumn 
bloom (Fig. 22). In the deeper waters of the continental shelf seas (areas usually <I 00 m 
in depth), a regional area was found containing large parts of the central North Sea, the 
entrances of the Skagerrak, the English Channel, eastern English and Scottish coastal 
waters, the Moray Firth and the Hebridean and Malin shelf areas extending out to the 
Rockall Channel (Fig. 22). These areas were characterised by relatively high values of 
phytoplankton colour and a relatively long seasonal duration. In most cases, the seasonal 
cycle showed a peak in spring followed by lower values during the summer and a smaller 
peak in autumn (classical autumnal bloom). The next regional area contained parts of the 
northern North Sea, the Irish and Celtic Sea, the Scottish west coast and the continental 
shelf area to the west of Ireland. These areas were characterised by a later spring bloom, 
and a shorter seasonal duration, than the central and southern North Sea. The last 
regional area was characterised by low values of phytoplankton colour, a short seasonal 
duration and a spring bloom, which was a full month after the central and southern North 
Sea. Most of these areas were located in waters > I 00 m in depth and contained the 
majority of the oceanic areas of the north-east Atlantic deeper parts of the Celtic Sea and 
northern North Sea (I 00-200 m). Some of these areas experienced the shortest seasonal 
duration of phytoplankton colour and were some of the last areas to experience a spring 
bloom. In most cases, the seasonal cycle consisted of low values of phytoplankton 
colour, with a peak in spring followed by a general decline (Fig. 22). 
In summary, (from Figures 17 and 22) regular monthly patterns of phytoplankton can be 
identified. In general, the phytoplankton growth began in March in the shallow areas of 
the North Sea and peaked in April. The peak abundance of phytoplankton occurred later 
in offshore areas so that a wave of phytoplankton colour appeared to move away from the 
continental shelf into the oceanic areas with a tag of one to two months. Taking into 
account the whole north-east Atlantic, there was a clear trend for the spring outburst of 
phytoplankton to occur earlier in shallow waters and the biomass peak to be larger. There 
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was also a clear trend for the length ofthe growing season to be longer inneritic waters 
compared with deeper areas of the north-east Atlantic. Some of these patterns in the 
timing of the spring bloom have been reported previously (Colebrook & Robinson, 1965; 
Robinson, 1965; Robinson, 1970; Colebrook, 1979; Colebrook, 1982) using much larger 
spatial areas of the North Atlantic. 
In contrast to the permanently mixed coastal zones, stratification seems to play a role in 
the timing of the spring bloom in other areas of the north-east Atlantic and hence the 
duration of the seasonal cycle. The timing of the spring bloom in these summer-stratified 
areas seems to be related to the depth of the water and to the latitude. For example, the 
last area to experience a spring bloom in the north-east Atlantic was in the deep northern 
oceanic area between 60-62° N and 6-15° W. Otto et al. ( 1990) showed that the mean 
solar radiation decreased with increasing latitude from > 30 W /m2 in the Southern Bight 
to I 0-15 W /m 2 in the northern North Sea (values for January). An increase in solar 
radiation may play a role in stratifying the water column, however, an increase in latitude 
in the North Sea is also accompanied by an increase in depth, so both may play a role. 
Robinson ( 1970), using much larger spatial areas, showed that the variations in the timing 
of the spring bloom in the North Atlantic was correlated strongly with a factor known as 
'Craig's temperature difference'. Craig's temperature difference is calculated by the 
average difference between surface water temperatures in late winter and early summer. 
High temperature differences between winter and summer indicate that the surface waters 
have been stable long enough to allow a marked increase in surface temperatures and 
hence stratify earlier; low values indicate that vertical mixing is still sufficiently strong 
enough to inhibit an increase in surface temperatures. Although low values are found in 
oceanic areas and high values are found in continental shelf seas (particularly in shallow 
areas), there is no clear mechanism proposed for why stratification is later in oceanic 
waters. Speculatively, these patterns may have something to do with higher wave heights 
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and higher wind stress experienced in oceanic areas. These factors may delay the onset 
of stratification with the water column staying mixed for longer compared with 
continental shelf seas. 
3.5 Principal research findings for Chapter 3 
• The seasonal spatial distribution of phytoplankton colour is closely associated with 
the hydrography of the north-east Atlantic. 
• Three small regional areas that include the Dogger Bank, the Dutch coast and the 
entrance of the Skagerrak are the first areas to develop a spring bloom and are 
associated with distinct hydrographic regimes. 
• Highest phytoplankton colour levels and the longest seasonal duration is recorded in 
the southern North Sea region and the lowest and shortest in the northern oceanic area 
of the north-east Atlantic. 
• The spatial distribution of phytoplankton colour shows strong similarities with other 
phytoplankton biomass/production estimates in the North Sea. 
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Chapter 4 
Long-term changes in phytoplankton 
biomass and regional variability 
This chapter provides information on the long-term trends in phytoplankton 
colour and its regional variability. Long-term spatia-temporal patterns are 
explored using gridded maps from different timecperiods. Using six 
regional areas of the north-east Atlantic, the regional differences in the 
seasonal and long-term trends are discussed and compared. Decadal 
changes in the seasonal cycle are also compared to ascertain if there has 
been any changes in the timing of the spring bloom and if there has been 
any changes to the seasonal duration. Finally, possible continental 
influences on long-term trends are explored by comparing coastal margin 
trends to the larger scale areas. 
Aspects of this chapter are included in the following publications/reports: 
Edwards, M., Reid, P, C., & Planque, B. in press. Long-term and regional 
variability of phytoplankton biomass in the north-east Atlantic 
( 1960-1995). ICES Journal of Marine Science. 
Edwards, M., & Reid, P.C. 1999. Large-scale spatia-temporal patterns in 
phytoplankton biomass ( 1960-1995): implications for the 
management of eutrophication in the southern North Sea. Report to 
the Department of the Environment, Transport and the Regions 
(DETR). Contract CW0839: 1-72. 
Edwards, M., Planque, B. & Batten, S. D. 1998. Phytoplankton and 
climate variability. In. Abstacts from Challenger Society for Marine 
Science UK Oceanography 1998. University of Southampton, 
September 1998, 207. 
Reid, P.C., Edwards, M., Hunt, H., & Warner, A. J. 1998. Phytoplankton 
change in the North Atlantic. Nature, 391: 546. 
Reid, P.C., Planque, B. & Edwards, M. 1998. Is observed variability in the 
long-term results ofthe CPR survey a response to climate change? 
Fisheries Oceanography, 7:282-288. 
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Chapter 4: Long-term changes in phytoplankton 
biomass and regional variability 
4.1 Long-term spatio-temporal patterns 
Using the methods described in Chapter 2, the 72 temporally partitioned datasets were 
used to examine decadal changes in phytoplankton colour. Each map consisted of twelve 
monthly maps for that particular time-period (Fig. 23). From the twelve maps of each 
month, a mean map was produced by averaging the twelve maps at each grid node (34 x 
3 I) to give a mean spatial distribution of phytoplankton colour for each five-year period 
(1960-1965, 1966-1971, 1972-1977, 1978-1983, 1984-1989, 1990-1995). Each mean 
five-year map was produced using approximately I I ,000-12,000 CPR samples in the 
north-east Atlantic in the period 1960-1995. Anomaly maps showed the differences 
between a particular five-year period in relation to the overall spatial distribution of 
phytoplankton colour produced by subtracting that particular time-period from the long-
term mean map (i.e. mean of all 72 maps). 
The mean spatial distribution of phytoplankton colour between 1960-1965 is shown in 
Figure 23. High values were found in the southern North Sea, the Skagerrak and in the 
Firth of Forth. In relation to the long-term mean (anomaly maps), the 1960-1965 period 
was generally below average with particularly low values in the southern Bight area, the 
English Channel, parts of the Celtic Sea, the northern North Sea and the oceanic area 
between 52-60° N. The southern oceanic area below 52° N and the central North Sea 
were also below average for this period. The next five-year period ( 1966-1971) was 
generally average for most parts of the north-east Atlantic compared to the long-term 
mean. Slightly above average values were recorded in the southern North Sea, Celtic 
Sea, the Skagerrak and the Irish Sea. In contrast, the Southern Bight area of the southern 
North Sea recorded well above average values for this period. 
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Figure 23: Kriged estimates of the mean spatial distribution of phytoplankton 
colour in five year periods from 1960-1995. Anomaly maps show the mean 
spatial distribution of phytoplankton colour for each five-year period 
(-) the long-term mean spatial map. 
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During 1972-1977, the central (north of the Dogger Bank) and parts of the northern 
North Sea including the Skagerrak, recorded their lowest values. Slightly above average 
values were recorded in the southern North Sea and in oceanic areas from 47-60~. The 
next five-year period ( 1978-1983) showed the reverse trend in the North Sea compared 
with the previous five years. Particularly low values of phytoplankton colour were 
recorded in the southern North Sea and Skagerrak, with slightly above average values in 
the central and northern North Sea (Fig. 23). Above average values were recorded also 
in the English Channel and the northern oceanic area (surrounding the Faeroe Islands). 
Other areas recording low values during this period included parts of the Celtic Sea, the 
southern oceanic area (south of 50° N) and the Irish Sea. 
From 1984 to 1989, a pronounced change in phytoplankton colour was experienced in the 
central North Sea and the Skagerrak area. The Skagerrak area recorded very high values 
of phytoplankton colour and the central North Sea recorded well above average values 
compared with the long-term mean. Elsewhere, below average values were recorded in 
the Irish Sea, the Celtic Sea south-west of Ireland and in the northern oceanic areas. The 
final time-period ( 1990-1995) showed the most dramatic change in phytoplankton colour 
for the north-east Atlantic since 1960. Phytoplankton colour was above average for 
virtually the whole north-east Atlantic compared with the long-term mean. Well above 
average values were particularly prominent in the central and northern North Sea and the 
central oceanic areas (between 50-58°N). The highest above average values were 
recorded in the Skagerrak, the Danish coastal waters and the German Bight. Whereas 
virtually the whole north-east Atlantic experienced an increase in phytoplankton colour 
during the 1990-1995 period, the oceanic area north of 60°N continued to record low 
values (similar to the previous five years). 
From Figure 23, regular long-term patterns of phytoplankton colour are revealed over the 
last four decades. Generally, the north-east Atlantic recorded its lowest values in the 
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early 1960s and its highest values in the early 1990s. However, this was not a 
progressively increasing trend from the 1960s to the 1990s, and most areas experienced 
high temporal variability over this period. Perhaps the most significant increase of 
phytoplankton colour in the north-east Atlantic occurred during the last decade along 
Dutch coastal areas and in the Skagerrak. This particularly large increase was restricted 
to the coastal areas of Denmark and may, therefore, indicate enhanced algal biomass 
caused by increased nutrient loading. What is also apparent from Figure 23, is that there 
was a high degree of regional variability in long-term phytoplankton colour patterns, with 
some areas experiencing above average values and others experiencing low values during 
the same period. Notably, there was a clear difference in the long-term behaviour of the 
southern North Sea, the central North Sea, the northern North Sea and different oceanic 
areas. This is perhaps a reflection of the different hydrographic regimes and seasonal 
cycles of these areas resulting in different climatic responses. 
4.2 Regional differences in seasonal and long-term trends 
Distinct regions were chosen to examine the seasonal and long-term trends in more detail. 
These regions depict the spatio-temporal variability of phytoplankton colour in the north-
east Atlantic and represent areas that respond to hydro-climatic variability in different 
ways. The regions were chosen based upon two specific criteria: (I) regions that have 
been consistently sampled throughout the CPR survey and (2) regions that have distinct 
seasonal and long-term trends. Throughout the CPR survey, consistently sampled areas 
(i.e. areas with a limited number of missing values) were identified using maps of CPR 
routes on a yearly basis (Warner & Hays, 1994). These areas were chosen to minimise 
the percentage of missing values in the time-series (Table 4.1 ). Obviously, small regional 
areas will have a higher percentage of missing values. For example, the Southern Bight 
region of the southern North Sea had a total of 22% missing values from a possible 432 
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months, whereas the southern North Sea had a total of 7% missing values. Regions with 
different seasonal and long-term trends were chosen by examining the spatial patterns of 
phytoplankton colour from Figures 17, 22 and 23. Of the delineated regions, six regions 
were chosen (three oceanic areas and three areas in the North Sea) (Table 4.1 ). The three 
areas of the North Sea were distinguished by having different seasonal cycles, thereby, 
also reflecting the different hydrographical regimes of the North Sea. The three regions 
of the North Sea are also closely associated to boundaries described by Glemarec ( 1973) 
and Kunitzer et al. ( 1992), relating to macrobenthic communities. The hydrographic 
divisions of the North Sea are, therefore, closely reflected in the biogeography of both 
phytoplankton and the benthos. The offshore northern North Sea (generally >I OOm in 
depth) is distinguished by having low values of phytoplankton colour and a shorter 
seasonal cycle than other parts of the North Sea and is seasonally stratified during the 
summer months. The central and British coastal North Sea (0-1 OOm in depth) is 
characterised by fairly high values of phytoplankton colour, an early spring bloom, low 
values during the summer and an autumnal bloom. The majority of this area is seasonally 
stratified during the summer months. The southern continental North Sea (< SOm in 
depth) has the highest annual phytoplankton colour and the longest seasonal duration of 
colour in the north-east Atlantic. The southern North Sea does not have an autumnal 
bloom and, unlike the rest of the North Sea, has very high values of phytoplankton colour 
during the summer months. The southern North Sea does not experience stratification 
during the summer months and is permanently mixed throughout the year. 
Table 4.1: Summary of the mean number of samples per month and the percentage of temporal 
interpolation needed to construct a full time-series of data for 432 months (1960-1995) for the six 
chosen regional areas. 
Regional area 
(1) Offshore northern North Sea 
(2) Central and British coastal North Sea 
(3) Southern continental North Sea 
(4) Northern oceanic 
(5) Central oceanic 
(6) Southern oceanic 
a_ _______________ --- -
Average samples 
per month (1960-1995) 
73 
12 
47 
15 
28 
25 
19 
Temporal 
interpolation (%) 
6 
0 
7 
6 
4 
7 
The three oceamc areas were also chosen from Figures 17, 22 and 23, and were 
distinguished by different seasonal cycles and long-term patterns. The northern oceanic 
area had the lowest annual colour and the shortest seasonal duration in the north-east 
Atlantic. The central oceanic area was characterised by having relatively high annual 
colour (higher than the offshore northern North Sea) and a fairly long seasonal duration. 
Finally, the southern oceanic area was characterised by a fairly short seasonal duration 
and low annual colour. What is apparent from Figure 23 (describing phytoplankton 
spatial distribution over five-year periods) is that the six delineated areas si10wed 
distinctive and independent long-term behaviour. For example, during the period 1978-
1983, the southern continental North Sea showed below average colour values (compared 
to the long-term mean) while the offshore northern North Sea did not show a decline 
during this period. This pattern was reversed in the previous five-year period ( 1972-
1977), with the offshore northern North Sea showing below average colour values and the 
southern continental North Sea showing slightly above average colour values. This 
independent long-term behaviour was also apparent for the three oceanic areas. A 
summary of phytoplankton colour for the six regional areas of the north-east Atlantic is 
shown in Table 4.2 
Table 4.2: Summary of phytoplankton colour and hydrography of the six regional areas of the 
north-east Atlantic. 
Regional Area Annual Seasonal Spring Hydrographic 
colour duration (ranked) Bloom regime 
(1) Offshore northern North 0.62 Fourth April Neritic (100-200 m) 
Sea summer stratified 
(2) Central and British coastal 1.1 Second March-April Neritic (0-100 m) 
North Sea summer stratified 
(3) Southern continental North 1.65 First March-April Neritic ( < 50 m) 
Sea permanently mixed 
(4) Northern oceanic 0.41 Sixth May Oceanic(> 200 m) 
seasonally stratified 
(5) Central oceanic 0.85 Third Aprii-May Oceanic(> 200 m) 
seasonally stratified 
(6) Southern oceanic 0.55 Fifth May Oceanic(> 200 m) 
seasonally stratified 
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Figure 24 shows the mean monthly plot of phytoplankton colour for the six chosen 
regional areas of the north-east Atlantic and Figure 25 shows the long-term trends of 
phytoplankton colour represented by annual means from 1960-1995 for the same regional 
areas. Annual means were calculated by averaging colour for each month to construct a 
full time-series consisting of 432 months (i.e. a value for each month from 1960-1995). 
Missing monthly values were temporally interpolated using the ratio estimator method 
(Colebrook, 1975) before calculating the annual mean (see Table 4.1 ). From the contour 
plots of the mean monthly values of phytoplankton colour for these six regions (Fig. 24), 
the offshore northern North Sea has shown an increase over the last decade compared to 
the whole time-series ( 1960-1995). Generally, the highest peak of colour occurred in 
April (spring bloom), followed by lower values in summer and a smaller autumnal peak 
(September and October). Notably, the spring bloom was absent between 1963-1967 as 
reflected in the low annual means of colour (Fig. 25). The lowest annual colour value 
was recorded in 1976. Since the mid-eighties, there has been an increase in colour with 
the highest value recorded in 1988 (over three standard deviations above the mean). 
What is also apparent from the contour plot is that, since 1985, the seasonal growth 
period (April-October) has intensified. Similarly, the central and British coastal North 
Sea has shown an increase over the last decade. The highest peak of colour occurred in 
April (spring bloom) with a well-defined autumnal peak in September and October. 
During 1973-1985, the seasonal growth period (restricted between April-September) was 
less than the long-term average, significantly contributing to low annual colour values 
during this period and contributing to the most persistently low period during the whole 
time-series (Fig. 25). During this latter period, the lowest annual colour value was 
recorded in 1977, one year behind the offshore northern North Sea. Throughout the time-
series (excluding 1985-1995), low colour values were recorded during the summer 
period, possibly due to summer stratification. Since the mid-eighties, there has been an 
increase in colour with the highest value ever recorded occurring in 1989 (nearly three 
standard deviations above the long-term mean) and coming one year after the highest 
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Figure 24: Monthly mean contour plots of phytoplankton colour for the six 
regional areas of the north-east Atlantic (1960-1995). 
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recorded value in the offshore northern North Sea. During 1985-1995, the seasonal 
growth period intensified, particularly during the summer months. Whereas up until 1985 
there was a clear period of low phytoplankton colour during the summer, after 1985 there 
was no distinguishable break in the phytoplankton growth between the spring and 
autumnal bloom. Similarly, the southern continental North Sea experienced an increase 
in colour over the last decade. Particularly high values were recorded also in the late 
1980s, with the highest value ever recorded during the time-series occurring in 1989 
(nearly three standard deviations above the long-term mean). The duration of the 
seasonal cycle in the southern North Sea was much longer than in other parts of the North 
Sea, with no clear breaks between the spring and autumnal bloom (possibly because the 
water is continuously mixed). Contrary to the central and British coastal North Sea, some 
of the highest phytoplankton colour peaks in the southern continental North Sea occurred 
in the summer months. The southern continental North Sea also experienced low colour 
values during the late 1970s and early 1980s, however, this period of decline persisted 
shorter than that of the central and British coastal North Sea. During this period, very 
low values of phytoplankton colour were recorded during spring and early summer in the 
southern continental North Sea (Fig. 24). The lowest annual colour value for this region, 
for the whole time-series, was recorded in 1979, two years behind the lowest value 
recorded in the central and British coastal North Sea and three years behind the lowest 
value recorded in the offshore northern North Sea (Fig. 25). 
The contour plots (Fig. 24), shows that the phytoplankton colour in the northern oceanic 
area has declined over the last decadal period ( 1985-1995) from the highest values 
recorded in the early 1980s. TI1e highest colour value recorded during the time-series was 
in 1982 (nearly three standard deviations above the mean). From Figure 25, it is clear 
that the annual colour values have been below average since 1985, with a very low value 
recorded in 1992. Unlike the northern oceanic area, where the phytoplankton colour 
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Figure 25: Long-term trends of phytoplankton colour represented by annual 
means from 1960 to 1995 for the northern oceanic area, central oceanic 
area, southern oceanic area, offshore northern North Sea, central and British 
coastal North Sea and southern continental North Sea. Data is standardised 
to zero mean. 
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values have decreased over the last decade, the central and southern oceanic areas have 
had generally above average colour values over the last decade (similar to the long-term 
trends for the North Sea areas). This increase is particularly apparent for the central 
oceanic area, which showed similar patterns to the central and British coastal North Sea. 
After the mid-eighties, the seasonal growth period intensified with no distinguishably 
clear break between the spring and autumnal blooms, and an increase in colour during the 
summer months. In contrast, during the period 1975-1985 there was very little 
phytoplankton growth during the summer months. Very high values were also recorded 
in 1989/90 for the central oceanic area as well as in 1995 (Fig. 25). During the early 
1960s, low values of colour were recorded in the central oceanic area. This pattern is also 
apparent in the southern oceanic area but not in the northern oceanic area. However, 
what all oceanic areas do share is very low colour values for 1964. In the central and 
northern oceanic areas, there was a complete absence of phytoplankton growth during 
1964 (Fig. 24). This apparent loss may be an example of top-down control within the 
CPR data. In the summer of 1964, exceptionally high numbers ofsalps (10-20 times the 
long-term average) occurred in the oceanic areas of the north-east Atlantic (Harry Hunt, 
pers. comm.). The salp outbreak could have had a considerable impact on the 
phytoplankton colour as they are extremely efficient grazers. The effects were, however, 
relatively short lived and by 1966 the phytoplankton stocks had recovered to near average 
levels. Although there has been a general increase in phytoplankton colour during the last 
decadal period ( 1985-1995) in the southern oceanic area, it is not until 1992 that colour 
values become well above the long-term mean. Generally, highest peaks of colour occur 
in May for each of the oceanic areas, with autumnal blooms being less pronounced or 
absent compared with the central and British coastal and the offshore northern North Sea. 
The occurrence of an autumnal bloom seemed quite sporadic in the southern oceanic area 
with noticeably large autumnal blooms only occurring in 1960, 1981/82 and 1984/85. 
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From Figures 24 and 25, distinctive, long-term patterns of phytoplankton can be 
identified. Generally, over the last decadal period ( 1985-1995) there has been an increase 
in phytoplankton colour for most areas of the north-east Atlantic except for the northern 
oceanic area. What is also apparent is that very high values were recorded in the late 
1980s and early 1990s for all three areas of the North Sea and the central oceanic area. 
The increased trend of phytoplankton colour with time for the three areas of the North 
Sea and central oceanic area is shown more clearly in Figure 25. Figure 25 also shows 
the inverse pattern of the northern oceanic area, with mainly below average values 
recorded over the last decadal period ( 1985-1995). In both the central oceanic area and 
the three regions of the North Sea, there seems to be a stepwise increase beginning in the 
mid-eighties with values after 1986 being above average compared with the long-term 
mean. Figure 25 also shows the high values recorded in 1988/89 in the central oceanic 
area and the North Sea, with the 1988/89 values nearly .three standard deviations above 
the long-term mean. 
4.3 Oecadal changes in seasonal patterns 
Satellite-derived indices of Northern Hemispheric terrestrial vegetation over the period 
1981-1991 (Myneni et al., 1997), showed similar patterns to the phytoplankton colour 
index. Myneni et al. ( 1997) reported that, over the last decade in northern latitudes, the 
active growing season of terrestrial plants has advanced by approximately eight days and 
this is associated with variations in the timing and amplitude of atmospheric C02• These 
findings are consistent with the hypothesis that warmer temperatures, associated with 
rising col. promote an increase in plant growth by expanding the active growing season. 
In the United Kingdom, egg laying dates of birds have also shifted to earlier in the year 
and this advance agrees with the reported changes in the length of the growing season of 
terrestrial plants (Crick et al., 1997). Figure 26 shows the mean seasonal cycle of 
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phytoplankton colour ( 1960-1995) and the mean seasonal cycle of phytoplankton colour 
from ( 1990-1995) for the six regional areas of the north-east Atlantic. From the Figure 
26, it does not appear that there has been any increase in the active growing season of 
phytoplankton over the last few years. For the North Sea areas, and the central and 
southern oceanic areas, the seasonal values for the 1990-1995 period were above average 
for all months compared to the long-term mean seasonal cycle, but the duration and 
timing has generally remained the same. lt is also very unlikely that the temporal 
resolution of CPR data (one month) would be able to detect any changes in the timing of 
the spring bloom on the scale that was reported by Myneni et al. ( 1997) and Crick et al. 
( 1997). However, what is apparent from Figure 26 is that the seasonal cycle in the 1990s 
in the northern oceanic area is substantially shorter than the long-term mean. In the 
northern oceanic area, the spring bloom also seems to be one month later, perhaps 
substantially contributing to the low annual phytoplankton colour values recorded during 
the last decade. The opposite pattern was seen in the southern oceanic area, with the 
spring bloom beginning one month earlier. One interpretation of why the northern 
oceanic area showed an inverse trend compared to the other areas of the north-east 
Atlantic, is that it may be responding to climate variability in a different way. There has 
also been a shift in the peak seasonal abundance in the southern continental North Sea 
from April (long-term mean seasonal cycle) to June (seasonal cycle 1990-1995). The 
possible cause of this change may be related to a community shift from diatoms to 
flagellates. 
4.4 Possible continental influences on long-term trends 
The southern North Sea has long been associated with an eutrophicated coastal zone 
(Gowen, 1987; Parker, 1987; Prakash, 1987; Reid, 1997), and represents a significant 
area for the movement of dissolved and particulate matter into the North Sea originating 
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Figure 26: The difference between the mean seasonal cycle of phytoplankton colour 
1960-1995 (dark line) and the mean seasonal cycle of phytoplankton colour from 
1990-1995 (light line) for the northern oceanic area, central oceanic area, southern 
oceanic area, offshore northern North Sea, central and British coastal North Sea and 
southern continental North Sea. 
82 
12 
from major European rivers (e.g. the Rhine, Ems and Elbe). Generally, phytoplankton 
are nutrient limited through much of their active growing season and it is not surprising 
that areas of high phytoplankton biomass and primary production are encountered where 
high levels of nutrient concentrations are found (such as the continental coast of the 
southern North Sea). Recently, enhanced levels of phytoplankton biomass and primary 
production in the southern North Sea have been attributed to increased levels of 
anthropogenic sources of nutrients from major European rivers over the last few decades 
(Lance lot et al., 1987; Radach et al., 1990; Hickel et al., 1992; Cadee & Hegeman, 1993). 
However, any relationship between enhanced anthropogenic sources of nutrients and 
increased phytoplankton biomass and primary production is not yet clear, and at present, 
a number of contradictions exist. For example, Radach et al. ( 1990) attributed the 
observed increase of summer blooms of flagellates in the German Bight to anthropogenic 
eutrophication rather than large-scale climate change due to the shortening of the nutrient 
depletion phase during the annual cycle. Whereas Cadee & Hegeman ( 1993) showed 
that, during the late 1980s, the phytoplankton biomass was much higher in the Dutch 
coastal area of Marsdiep than would be expected on the basis of the phosphate load in the 
area. In fact, the phosphate concentration in the Marsdiep area declined during the last 
decade while primary production values remained high. Consequently, effects related to 
eutrophication may be difficult to determine in terms of a long-term biological signal. 
Variability associated with long-term trends may be partly due to changes in the relative 
contribution of river runoff (eutrophicated water) and offshore water masses (oceanic 
water) to the local water mass under study. Depending on the relative contribution of 
these two water masses, the long-term signal may predominately represent a signal that is 
either anthropogenic or climatic in origin (or a mixture of both). This leads to the 
question of which signal is most dominant in the coastal regions of the southern North 
Sea, and whether an anthropogenic signal that is independent from the assumed climatic 
signal seen affecting other areas of the North Sea can be determined (Fig. 25, long-term 
trends of phytoplankton biomass in the north-east Atlantic). 
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From Figure 23 (decadal spatio-termporal patterns), it was observed that the highest 
above average values for phytoplankton colour recorded during the last decade were in 
the German Bight and along the Danish coast. Because these large increases were 
restricted to the coastal margins, it was presumed that eutrophication may play a role in 
this area. Research carried out in the past noted that there has been a considerable 
increase in nitrate since the early 1980s in the German Bight area. However, the 
researchers were unable to establish a direct link between the increase in nitrate and the 
phytoplankton biomass increase in the German Bight (Hickel et al., 1992). The authors 
concluded that the changes in phytoplankton biomass were due to changes in the 
nitrate/phosphate ratio resulting in a community shift favouring small flagellates, which 
had a marked effect on the annual biomass. The long-term trend of this area from the 
CPR survey was, therefore, examined more closely to determine whether an independent 
signal existed from the large-scale climatic signal seen in other North Sea regions. One 
of the problems with dealing with smaller regional areas from the CPR survey is that the 
number of missing values in the time-series increases. As a consequence, 20% of the 
time-series (for 432 months) was .interpolated to construct a long-term trend consisting of 
annual means for the German Bight and Danish coastal regions, compared to 7% for the 
southern continental North Sea. 
Table 4.3 shows the variability of the long-term trends for the six chosen regional areas, 
the whole North Sea and the German Bight and Danish coastal waters. The variability of 
the long-term trends in the North Sea increased from north to south, offshore northern 
North Sea ( cr = 0.293), central and British coastal North Sea ( cr = 0.321) and southern 
continental North Sea ( cr = 0.493), whereas the oceanic regions are generally less 
variable. The German Bight and Danish coastal waters have the most variability (cr = 
0.83) in long-term trends compared to the other regions of the north-east Atlantic. This 
coastal region is perhaps more variable because of continental influences such as 
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freshwater inflow as well as oceanic influences from the north. For example, salinity has 
the highest variability in this area compared to other regions of the North Sea, reflecting 
the influence of the River Elbe (Visser et al., 1996). These shallow waters of the North 
Sea are also more influenced by local atmospheric processes than deeper areas and, as a 
consequence, the temperature variability, short-term (days) up to the entire annual cycle 
is some of the largest observed in the North Sea (Seeker & Pauly, 1996). This 
continental influence is probably also reflected in the increasing variability seen in the 
North Sea from north to south. 
Table 4.3: Summary of the variability in time-series of the six chosen regional areas, the whole 
North Sea and the German Bight and Danish coastal waters. 
Regional area 
Northern oceanic 
Central oceanic 
Southern oceanic 
Offshore northern North Sea 
Central and Br~ish coastal North Sea 
Southern continental North Sea 
Total North Sea 
German Bight and Danish coastal waters 
Variability 
of time-series (cr) 
0.173 
0.352 
0.192 
0.293 
0.321 
0.493 
0.334 
0.830 
Figure 27 shows the annual means of phytoplankton colour for the German Bight and 
Danish coastal waters compared to the annual means from the southern continental North 
Sea ( 1960-1995). What is immediately apparent from the long-term trends for both areas 
is that they are very similar (r = 0.813, P<O.O I for non-detrended raw data), with both 
areas showing a decrease in the late 1970s/early 1980s and an increase during the late 
1980s. This same signal is also seen in other regions of the North Sea (Fig. 25). Note, 
however, the largest peak in the German Bight and Danish coastal waters was in 1990 
compared with 1989 for the southern and central North Sea areas. This signal 1s 
presumed to be climatic in origin and influences the whole North Sea. As the signal IS 
also seen in the German Bight and Danish coastal waters it must be concluded that the 
increase in the phytoplankton biomass in this area is also due to the long-term climatic 
signal and not to an increase in eutrophication. As shown in Table 4.3, the long-term 
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Figure 27: Annual means of phytoplankton colour fo r the German Bight and Danish coastal waters 
(solid line) compared with annual means ofphytoplankton colour for the whole southern North Sea 
(light line). Top graph raw va lues. Bottom graph standardized values. Map shows the samples used 
to calculate the annual means from the German Bight and Danish coastal waters. 
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trend in the German Bight and Danish coastal waters is more variable than other regions 
of the North Sea. This variability is probably the cause of the highest observed above 
average phytoplankton colour values seen in the north-east Atlantic from 1990-1995 for 
the German Bight and Danish coastal waters (Fig. 23). Because the difference between 
the low values observed in the late 1970s and the high values from the late 1980s is much 
greater in the German Bight and Danish coastal waters (the largest transition 
encompassing the full range of values) than other regions of the North Sea, the anomaly 
plots (Fig. 23) appear to show a higher percentage change within the German Bight and 
Danish coastal waters. If increases in nutrients in the German Bight seen over the last 
decade have increased the levels of primary production, as suggested by other authors 
(Radach et al., 1990), the increase is very much restricted to inshore waters and limited in 
space. It must be concluded from CPR data that the eutrophicated area of the German 
Bight does not have a wider perceivable influence on phytoplankton biomass in the 
southern North Sea. 
4.5 Principal research findings for Chapter 4 
• There has been a considerable increase in phytoplankton biomass over the last decade 
in most regions of the north-east Atlantic. 
• The northern oceanic region seems to responding inversely to other areas of the 
north-east Atlantic, with a decrease in phytoplankton biomass observed over the last 
decade. 
• The highest ever recorded values of phytoplankton biomass in the North Sea occurred 
in 1988 in the northern North Sea and in 1989 in the central and southern North Sea. 
• The lowest values of phytoplankton biomass occur in the late 1970s/early 1980s and 
are associated with a shorter seasonal duration. 
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• In most regional areas of the north-east Atlantic the phytoplankton seasonal cycle and 
duration has remained relatively similar except for the northern oceanic area, which 
had a seasonal duration one month shorter during the 1990s. 
• Long-term trends in phytoplankton colour along the coastal margins of the southern 
North Sea show similar patterns to those observed for the whole North Sea 
suggesting that hydro-climatic changes as opposed to eutrophication are the dominant 
force controlling long-term trends. 
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Chapter 5 
Inter-annual changes in the 
phytoplankton community and 
regional variability 
This chapter provides information on the inter-annual changes in the 
phytoplankton community and its regional variability in six regions of the 
north-east Atlantic. After presenting the results and discussion on non-native 
phytoplankton species found in the north-east Atlantic. The chapter 
describes the methodology used to interpret community changes using 
phytoplankton data from the CPR survey. Large-scale annual shifts in the 
phytoplankton community are discussed in relation to diversity and 
phytoplankton biomass. Particular emphasis has been placed on interpreting 
anomalous community shifts. 
Aspects of this chapter are included in the following publication: 
Edwards, M., John, A.W.G. John, Johns, D.G., & Reid, P.C. in press. Case-
history and persistence of a non-indigenous diatom (Coscinodiscus 
wailesii) in the north-east Atlantic. Journal of the Marine Biological 
Association of the United Kingdom. 
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Chapter 5: Inter-annual changes in the phytoplankton 
community and regional variability 
The two previous chapters focused primarily on the changes in phytoplankton biomass 
over the last four decades. In this, and in the subsequent chapter, changes in the 
phytoplankton community are addressed. Typically CPR samples provide abundance 
estimates for a number of species, however, they also contain many zero values and, as a 
consequence, univariate summaries (e.g. total abundance of species, diversity indices) 
may be inappropriate for analysis as they are insensitive to gradients of change in 
environmental variables or to slow/subtle physical processes (Warwick & Clarke, 1991 ). 
In the past, the CPR dataset has been under-exploited for analysing species assemblage 
information, and has concentrated on the abundance of a few dominant 
mesozooplankton species and groups of species (e.g. Calanus finmarchicus and total 
copepod abundance). The CPR routinely records approximately 400 taxonomic entries 
of zooplankton and phytoplankton (Warner & Hays, 1994). TI1ere is evidence to suggest 
(particularly from benthic studies) that changes in community structure, and changes in 
intermediate abundance species, can be a sensitive indicator of ecological change (Gray 
& Pearson, 1982). Therefore, the aim of this chapter is to examine long-term changes in 
the phytoplankton community structure (which may help to interpret changes in 
phytoplankton biomass) caused by decadal environmental changes. In particular, the 
CPR data are examined for large inter-annual community shifts which represent 
exceptional years and may indicate rare or episodic oceanographic/climatic events. To 
detect these events, it is important to consider the community as a whole, as it is thought 
to be a more sensitive indicator of ecological change than univariate summaries. For 
example in lakes, ecological monitoring strategies of aquatic populations have noted that 
community responses tend to be more sensitive indicators of anthropogenic effects than 
ecosystem responses. Variables reflecting ecosystem function (e.g. primary production) 
are not altered by lake acidification up to pH 4.5, whereas sensitive invertebrates are 
90 
eliminated between pH 5.6 to 6.1 (Shindler, 1991 ). Ignoring the assemblage information 
within the CPR dataset could also result in losing information on the distribution and 
abundance of species which may be particularly sensitive to physical anomalies (e.g. 
indicate an intrusion of an unusual water .mass). Before the long-term changes in 
phytoplankton community structure are investigated, the establishment of non-native 
phytoplankton species will be discussed. Although these species do not indicate 
environmental changes in the north-east Atlantic, because they have been introduced via 
human activities (e.g. ships' ballast water), their presence has become increasingly 
topical as they may have important ecological and economic consequences as discussed 
below. 
5.1 Introduced marine phytoplankton in the north-east Atlantic 
During the last few decades, the introduction and geographical spread of non-indigenous 
(a.k.a. invasive, exotic, introduced) marine species has become increasingly topical, as 
the appearance of such species can have important ecological and economic 
consequences (Reid, 1999). Introduced phytoplankton species have been associated with 
harmful algal blooms causing mass mortalities of other marine life (Tester et al., 1991; 
Hallegraeff & Bolch, 1992) and as potential carriers of infectious diseases (Epstein, et al., 
1995). In this case, 'non-indigenous' describes marine species that have been introduced 
into an area from their natural range of habitat via human activities (and not by 
biogeographical changes) or species that are introduced episodically into an area during 
oceanographic events. An example of a species that is introduced under unusual 
hydrographic conditions is the peritrich ciliate Zoothamnium pelagicum. Normally 
associated with oceanic water in the Bay of Biscay area, this species was found, for the 
first time in 1997, in the North Sea. Its presence coincided with an exceptional inflow of 
warm Atlantic water into the North Sea (Edwards et al., 1999). 
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The main vector for the dispersal of non-indigenous marine phytoplankton species via 
human activities is by the worldwide transportation of ship's ballast water and, to a lesser 
extent, aquacultural practices (Carlton & Geller, 1993). The idea that exotic species were 
introduced by ship's ballast water was first postulated by Ostenfeld ( 1908) who observed 
a large new diatom ( Odonte/la sinensis), previously known only from the Pacific Ocean, 
in the North Sea. Since then a number of invasive diatom, dinoflagellate and flagellate 
species have been identified in the North Sea (see Elbrachter, 1999; Reise el al., 1999 for 
a comprehensive list). Boalch ( 1987) noticed that, while many new arrivals have an 
impact initial on the ecosystem, they often become rather localised (e.g. along frontal 
boundaries) or occupy an insignificant part of the community once balance has been 
restored. However, this is not the ecological fate for all invasive phytoplankton species. 
Here, the appearance of the non-indigenous diatom Coscinodiscus wailesii, its subsequent 
geographical spread and its persistence as a significant member of the diatom community 
in the North Sea is described. 
Efforts to assess and monitor invasive marine species are, at best, fragmented, as they are 
typically only monitored (or first noticed) when the species reaches nuisance status 
(Hallegraeff, 1993). As a consequence, few case-histories exist containing information of 
their spatial and temporal trends. Apart from 0. sinensis, which has been recorded since 
the CPR survey began (introduced in 1903), the only other non-indigenous species 
recorded and speciated by the CPR survey is C. wailesii. 
Coscinodiscus wailesii is a very large cylindrical diatom ( 175-500 J.lm in diameter) which 
is naturally found in essentially two regions. The first includes the Pacific coast of North 
America from southern California to British Columbia (Mahoney & Steimle, 1980), and 
the second includes areas of the Sea of China and Japanese coastal waters of the North 
Pacific (Nagai el al., 1995). TI1e occurrence of C. wailesii, new to the waters of the 
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north-east Atlantic, was first reported by Boalch & Harbour ( 1977). It was found at the 
western approaches of the English Channel from plankton samples taken just off 
Plymouth in January 1977. Plankton samples have been taken by the CPR survey at 
monthly intervals since the early 1950s in this area and C. wailesii was first recorded in 
CPR samples at 49°57'N 04°06'W (Fig. 28a) in the spring of 1977 (Robinson et al., 
1980). Although the method of introduction is unknown, it is strongly suspected that is 
was either by ballast water transport or by the importation of oysters (Reise et al., 1999). 
In June and July 1978, C. wailesii first appeared in CPR samples in the northern Irish 
Sea, presumably carried north by the current system of the English Channel and Irish Sea. 
By 1979, C. wailesii had entered the North Sea and was found off the Dutch coast and at 
the entrance of the Skagerrak (Fig. 28a), finally establishing itself within the Baltic Sea 
by 1983. From these initial areas of establishment, C. wailesii spread further east along 
the English Channel and further south along the Atlantic coast of France during the early 
1990s. In the North Sea, C. wailesii was recorded frequently in German and Danish 
coastal waters, and the waters off southern Norway. During 1985, C. wailesii established 
itself in two new areas of the north-east Atlantic, the south and western coast of Ireland, 
and in northern coastal waters of Scotland, principally around the Shetland and Orkney 
Islands. Outside the CPR survey's sampling network, C. wailesii has been recorded as far 
south as 46° N, along the Atlantic coast of France (Rince & Paulmier, 1986) and along 
the Norwegian coast to an absolute northerly limit of 64~ (Karl Tangen, pers. comm.). 
Since 1985, C. wailesii has become well established in European continental shelf seas 
and, in certain regions, has become a significant member of the phytoplankton 
community, particularly during spring and autumn. Highest abundance is found along the 
southern European continental coast and in the entrance of the Skagerrak, with sizeable 
populations now existing along the south-west coast of Norway, the western English 
Channel/Celtic Sea and the Atlantic coast of France, the northern Irish Sea, the west coast 
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(a) 
(b) 
1985-1995 
10 
Log-abundance 
Figure 28 (a): Geographical distribution of Coscinodiscus wailesii in 1977, 1978, 1979 
and from 1980-1984 in the north-east Atlantic. (b): Geostatistical estimates ofthe 
mean log abundance of Coscinodiscus wailesii in the north-east Atlantic between 1985-1995. 
94 
of Ireland, the Firth of Forth and in the coastal waters around the Orkney and Shetland 
Islands (Fig. 28b). Its rapid establishment and success along the European continental 
coast and in the German Bight is particularly noteworthy, as the species can dominate the 
phytoplankton biomass over long periods in this area. Rick & Duerselen ( 1995) reported 
that during December 1988-March 1989 the majority of phytoplankton carbon (up to 
90%) was attributed to this species. The likely success of C. wailesii, and its ability to 
establish itself in new areas, probably stems from its tolerance of wide temperature (0°C 
to >20 °C), salinity (24-35 psu), and nutrient regimes (Durselen & Rick, 1999). 
Biogeographically, the species appears to be most abundant in neritic and well-
mixed/transitional water masses of the north-east Atlantic. This is particularly apparent 
' 
in the seasonally-stratified northern North Sea where the species is geographically 
restricted to transitional waters around the Orkney and Shetland Islands (see Pingree & 
Griffiths, 1978 for the position of frontal boundaries around the British Isles). The 
seasonal cycle of C. wailesii in the southern North Sea (Fig. 29a) shows that the species 
predominates during the spring and autumnal bloom. Highest abundances occur in April, 
in September and October, with minima occurring during the summer months. The most 
sustained growth occurs during the autumn months with C. wailesii still 
photosynthetically active during winter. The long-term changes in C. wailesii in the 
southern North Sea, however, do not follow any discernible trend, with the population 
oscillating in abundance from one year to the next (Fig. 29b). Interestingly, although the 
species was first recorded in the southern North Sea during 1979, it was not until 1984 
that the species became established and relatively high numbers were first recorded. 
From its appearance in 1979, high numbers have been recorded in 1985, 1989, 1990 and 
1993 (CPR data 1960-1995). It is not yet known why this species is particularly 
successful in one year and not in another and whether this is due to biological or physical 
constraints. 
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Figure 29 (a): Mean seasonal abundance of Coscinodiscus wai/esii in the southern North 
Sea between 1985-1995. (b): Annual means of C. wailesii in the southern North Sea 
between 1960-1995. 
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The appearance of non-indigenous spectes within a region can have both important 
economic and environmental impacts, and this is certainly the case for C. wailesii. 
Although the species is non-toxic, when it first appeared in the north-east Atlantic, it had 
a detrimental effect on fishing operations (Boalch & Harbour, 1977); this was also 
reported when the species was first recorded in the north-west Atlantic (Mahoney & 
Steimle, 1980). The species is capable of producing copious amounts of mucilage during 
bloom conditions, to such an extent, that this can clog fishing nets (Boalch, 1987). In 
Japanese coastal waters, the species is considered particularly harmful as it causes serious 
damage to Nori (Porphyra) culture by removing nutrients such as inorganic nitrogen 
during winter and spring (Nagai et al., 1995). Coscinodiscus wailesii can reach such high 
abundances that it can dominate the phytoplankton biomass and, therefore, could have 
potential effects on the whole ecosystem by out-competing native species for 
resources/space, reducing biodiversity (NRC, 1995) and effecting exploitation rates of its 
primary production by native consumers. There is already evidence that C. wailesii can 
supersede indigenous phytoplankton species under certain conditions (Durselen & Rick, 
1999) and that two indigenous herbivorous copepods of the southern North Sea find the 
species unpalatable (Roy et al., 1989). 
To predict the ecological consequences of a non-indigenous species it is important to 
have base-line information on the natural history of native species, community structure 
and biodiversity of the regional system under apparent threat. Equally important is the 
ability to distinguish between community structural changes caused by invasive species 
and natural changes caused by climate variability. It has yet to be detern1ined how much 
of the marked increase in phytoplankton biomass seen in the North Sea since 1985 could 
be attributed to the increasing importance that C. wailesii is now playing in the autumn 
and winter phytoplankton of the North Sea. The present study is the first to show the 
spatial evolution of an invasive phytoplankton species over a decadal period, however, 
the consequences of shifting ecological roles in the North Sea in the long-term can only 
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be determined by future observations. Whatever the source of phytoplankton 
introductions, measuring the patterns and rate of their spread is also essential in 
establishing the effectiveness of any management strategy put in place to limit invasions. 
5.2 Long-term community changes and regional variability 
To identify exceptional years, and to examine long-term patterns in phytoplankton 
community structure, multivariate methods of community analysis were employed on 
the CPR data. Table 5.1 shows the phytoplankton assemblage recorded and counted 
routinely by the CPR survey (note, not all taxa are recorded to species level). For the 
analysis, a number of taxa/species were removed: (I) species recorded after 1960 (i.e. 
species lacking an unbroken time-series from 1960-1995; Cocclilhaceae, 1965; 
dinotlagellate cysts, 1974; Gonyaulax spp., 1965; Noctiluca scintillans, 1981; Polykrikos 
schwartzii cysts, 1975; Scrippsiella spp, 1982; Silicojlagellatae, 1965); (2) species 
recorded as presenct/absent (Phaeocystis pouchelii); and (3) species that have been 
introduced by human-activities since 1960 (Coscinodiscus wailesii). Coscinodiscus 
wailesii was removed because the species was introduced via ships' ballast water into 
European shelf seas in 1977 and, therefore, could have a debilitating effect when trying 
to relate long-term changes in phytoplankton community structure to hydro-climatic 
changes. 
98 
Table 5.1: Phytoplankton taxa identified and counted since 1958 by the Continuous Plankton 
Recorder survey and used in the community analysis. Numbers correspond to database taxa 
identification. Some species that have only been recently counted are excluded from the analysis, 
denoted by e.g. (1965). Phaeocystis pouchetii is not counted and only recorded as 
presence/absence and is also excluded from the analysis. 
Actiniscus pentasterias 980 
Actinocyclus octonarius ralfsi 964 
Actinoptychus spp. /51 
Amphidoma caudata 960 
Amphiprora hyperborea 979 
Amphiso/enia spp. 220 
Anomoeoneis spp. 817 
Asterionella bleakeleyi 983 
Asterionel/a glacia/is 115 
Asterionel/a kariana 202 
Asteromphalus spp. /52 
Aulacodiscus argus 982 
Bacillaria paxil/ifer /53 
Bac/eriastrum spp. /54 
Bac/eriosirafragilis 959 
Bel/erochea malleus /55 
Biddulphia allernans /56 
Biddulphia biddulphiana 948 
8/epharocysla paulsenii 956 
Campy/osira cymbelliformis 954 
Ccntrodinium spp. 265 
Ceralau/ina pelagica 162 
Ceratium arcticum 128 
Ceratium arietinum 221 
Ceratium azoricum 222 
Ceratium be/one 223 
Ceratium breve 219 
Ceratium bucepha/um 224 
Ceratium buceros 225 
Ceratium candelabmm 226 
Ceratium carriense 227 
Ceratium compressum 228 
Ceratium concilians 260 
Ceratium contorlum 261 
Ceratium declinatum 229 
Ceratium extensum 230 
Ceratiumfa/catiforme 262 
Ceratiumfalcatum 217 
Ceratiumfurca 122 
Ceratiumfusus 121 
Ceratium geniculatum 218 
Ceratium gibberum 231 
Ceratium hexacanthum 232 
Ceratium horridum 126 
Ceralium inj/alum 233 
Ceralium karslenii 234 
Cera/ium kofoidii 131 
Ceralium lamellicorne 235 
Ceralium linea/urn 123 
Ceralium longipes 127 
Ceralium longiros1n1m 263 
Ceraliwn lzmula 236 
Ceralium macroceros 125 
Ceralilun massi/iense 237 
Ceralium minutum 238 
Ceratium pavillardii 239 
Ceralium penlagonum 240 
Ceratium pelersii 241 
Ceratiwn platycome 242 
Ceralium praelongum 243 
Ceratium pulclrellum 244 
Ceratium ranipes 269 
Ceratium setaceum 245 
Ceratiwn teres 246 
Ceratium trichoceros 247 
Ceratium tripos 124 
Cera/ium vultur 248 
Ceralocorys spp. 249 
Chae/oceros( Hya/ochaete) spp. 112 
Chae/oceros( Phaeoceros) spp. 113 
Cladopyris spp. 250 
C/imacodiumfrauetifeldianum 163 
Coccolithaceae 195 ( 1965) 
Corethron criophilum /64 
Corylhodinium spp. 953 
Coscinodiscus concinnus 165 
Coscinodiscus wailesii 976 
Cylindrotheca closterium 177 
Cystodinium spp. 266 
Dactyliosolen antarcticus I 04 
Dactyliosolen medilerraneus 105 
Detonula confervacea 167 
Dinojlagel/ate cysts 130 (1974) 
Dinophysis spp. 251 
Dip/one is spp. 947 
Ditylum brighn••ellii 168 
Eucampia groenlandica 962 
Eucampia zodiacus /69 
Exuviae/la spp. 252 
Fragilaria spp. 170 
Glenodinium spp. 271 
Gonyaulax spp. 253 (1965) 
Gossleriel/a tropica 20 I 
Guinardiajlaccida 171 
Gymnodiniwn spp. 275 
Gyrodinium spp. 984 
Gyrosigma spp. 172 
Hemiau/us spp. 17 3 
Hemidiscus cuneiform is 206 
Hexasteria.v problematica 806 
Hislioneis spp. 256 
Katodinium spp. 276 
Lauderia borealis 174 
Leptacylindrus danicus 175 
A{e/osira arclica 958 
Me/osira /ineata 957 
Melosira varians 949 
Murrayella spp. 274 
Navicula p/anamembranacea 120 
Navicula spp. 176 
Nitzschia de/icatissima //9 
Nitzscl~ia /ongissima 981 
Nicschia seriata 1 I 8 
Nitzschia sigma rigida 975 
Noctiluca scintil/ans 750 (1981) 
Odontel/a aurila /57 
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Odomella granulala /58 
Odontella mobiliensis 200 
Odontella obtusa /59 
Odontel/a regia 160 
Odonlella rlwmbus /6/ 
Odomella sinensis 114 
Ornilhocercus spp. 267 
Oscil/atoria spp. /93 
Oxyto:mm spp. 254 
Paclrysphaera spp. 203 
Paralia su/ca/a 101 
Phaeocystispouchelii 194 (+) 
Phalacroma spp. 818 
Plankroniel/a sol 179 
Podolampas spp. 257 
Podosira slelliger 2 72 
Polykrikos schwartzii cysts 133 ( 1975) 
Pronoctiluca pelagica 2 58 
Prorocenlrum spp. 259 
Protoceratium reticulatmn 129 
Protoperidinium spp. 255 
Ptcrosperma spp. 196 
Ptyclrodiscus noctiluca 264 
Pyrocyslis spp. 268 
Pyrophacus spp. 132 
Hhaphoneis amplriceros 178 
Rhizoso/enia acuminala 180 
Rhizoso/enia a lata a lata /I 0 
Rhizoso/enia a/ala curvirostris 181 
Rhizosolenia a/ala indica 109 
Rhizoso/enia a lata inermis Ill 
Rhizosolenia hergonii 182 
Rllizo.vo/enia calcar-avis 183 
Rhizoso/enia cylindms 184 
Rhizosolenia delicawla 185 
Rhizosoleniafragilissima 186 
Rhizoso/enia hebetata semispina I 08 
l?hizoso/enia imbrica. shntbsolei I 06 
Rhizoso/enia rohusta 970 
Rhizoso/enia setigera 187 
Rhizosolenia stolterjOihii 188 
Rhizosolenia styl!formis 107 
Schroederella delicatula 189 
Scrippsiel/a spp. 950 (1982) 
Silicojlagellatae 198 (1965) 
Skeletonema costalum /02 
Stauroneis membranacea 205 
Steplranopyris spp. 190 
Streptotheca tamesis 191 
Surirella spp. 192 
Thalassionema nitzschioides 117 
Tha/assiosira spp. 103 
Thalassiothrix longissima I 16 
Triadinium polyedricum 952 
Triccraliumfavus 971 
U11identijied Coscinadiscus spp. 166 
Apart from these omissions, further subsets of species were removed including all 
species recorded at a frequency of less than I% on CPR samples. Although it is 
sometimes advantageous to include all species, for example, when calculating diversity 
measures or examining the contribution of rare species to a community, a more cautious 
approach has been adopted with the community analysis. Although rare species can 
indicate an unusual environmental regime, they can often occur due to pure chance or 
due to more intensive sampling in that year. The influence of rare species can, therefore, 
complicate the interpretation ofthe results. The interpretation of the results may become 
complicated further by the use of interpolated values. For each species used in the 
analysis, annual means must first be calculated from the monthly mean values ( 1960-
1995). As there were a number of missing months in the time-series, these missing 
values were interpolated before calculating the annual mean (i.e. the annual mean should 
not be weighted by a particular set of months). Table 5.2 shows the monthly mean 
values for Dactyliosolen mediterraneus in the northern North Sea and the interpolated 
values for the missing months in the time-series. What is apparent from the interpolated 
values is that when the raw annual mean equals zero, then all interpolated values will 
equal zero for that particular year; when the raw monthly value equals zero, then all 
interpolated values will equal zero for that particular month. So for example, you could 
not infer an environmental signal from a rare indicator species that had only occurred 
once in the time-series. 
Following the method described by Field et al. ( 1982) and Clarke & Ainsworth (1993), 
matrices of Bray-Curtis coefficients were calculated for the similarities between the taxa 
occurring in each year (from 1960-1995). These techniques are employed typically 
during the analysis of benthic sampling stations (e.g. Hall et al., 1996), however, in this 
case, the sampling station were substituted to represent an individual year. The same 
multivariate ordination methods were, therefore, used in this case to track changes 
through time as opposed to changes in space. The resulting matrices were classified 
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using nearest neighbour clustering method 2-dimentionally ordinated by non-metric 
multi-dimensional scaling (MDS). Both the dendrogram (results of clustering) and the 
MDS plot were used in conjunction to identify years that were similar to each other in 
terms of their community structure (i.e. delineating the dendrogram groups on the MDS 
plot is used for cross-checking the 2-dimensional MDS plot). The relative distance 
between pairs of years reflected their relative similarity/dissimilarity is species 
composition. The reliability of the MDS plots was indicated by their stress coefficients 
(see Clarke & Warwick, 1994 for the interpretation of stress coefficients). Stress 
coefficients ranged between 0.14--0. I 9, representing relatively reliable 2-dimentional 
pictures with the conclusions further cross-checked by superimposing the cluster groups. 
The raw phytoplankton abundance data was 4'h-root transformed to reduce the influence 
of the most dominant phytoplankton species and to give more equal weights to all 
spec1es. Figure 30 shows the treatment ofCPR data for community analysis. 
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Table 5.2: Time-series for Dactylioso/en mediterraneus in the offshore northern North Sea 
(monthly means from 1960-1995). Interpolated values are shaded. If raw annual mean equals 
zero, then all interpolated values will be zero for that particular year. If raw monthly mean equals 
zero, then all interpolated values will be zero for that particular month. 
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Figure 30 : Treatment of CPR data for community analysis. The classification is used to identify 
distinct clusters (years that have a similar community) and the ordination is used to indicate how 
close or distant these years are form each other. 
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5. 2.1 Offshore northern North Sea 
In the offshore northern North Sea (hereafter referred to as region 1), cluster analysis and 
a M DS plot were produced based on the annual means of the phytoplankton community 
(Fig. 31 ). The cluster analysis produced four groups at the 70% similarity level, which 
were further superimposed on the MDS plot (a method of cross-checking the 2-
dimensional plot). The point-to-point distance on the MDS plot corresponds to the 
dissimilarities of the years, the closer the years are together, the closer their community 
structure. Group I contained years 1976 and 1980; Group 2 contained the years, 1989, 
1990, 1992 and 1993; Group 3 contained the years 1969, 1970, 1971, 1974, 1977 and 
1978; Group 4 contained the years 1960, 1961, 1962, 1963, 1964, 1965, 1966, 1967, 
1968, 1972, 1973, 1975, 1979, 1980, 1981, 1982, 1983, 1984, 1985, 1986, 1987, 1988, 
1991, 1994 and 1995. 
The MDS plot shows that, during the 1960s, the phytoplankton community was fairly 
stable with these years close together on the MDS plot and clustered together on the 
dendrogram. Towards the end of the decade, there was a noticeable shift in 1969, with 
this year quite distant from the rest of the 1960s. The majority of the years in the 1970s 
were also close together on the MDS, except for 1976 and 1977. After 1980, the 
community structure returned to a state similar to the 1960s. This pattern continued until 
1989 when another shift occurred with 1989, 1990, 1992 and 1993 clustered together in 
the dendrogram and close together on the MDS plot. The other years in the 1990s were 
close to the community structure of the 1980s. 
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Figure 31: (top) Dendrogram using Bray-Curtis similarity indices of 4'h-root transfonned 
abundance of offshore northern North Sea fauna from 1960-1995. (bottom) MDS ordination 
of the fauna for the years 1960-1995 (stress value = 0.14 ). 
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5. 2. 2 Central and British coastal North Sea 
Using cluster analysis, the years formed three faunal groups at the 80% similarity level 
in the central and British coastal North Sea (Fig. 32). Group I contained the years 1978 
and 1980; Group 2 contained the years 1960, 1961, 1962, 1963, 1964, 1965, 1966, 1967, 
and 1968; Group 3 contained the years 1969, 1970, 1971, 1972, 1973, 1974, 1975, 1976, 
1977, 1979, 1981' 1982, 1983, 1984, 1985, 1986, 1987, 1988, 1989, 1990, 1991, 1992, 
1993, 1994 and 1995. The MDS plot shows that 1960s were very similar in terms of 
their community structure, with all the years in the 1960s except for 1969 close together. 
The 1970s and 1980s were also fairly similar with the exception of 1978 and 1980 which 
were the most unusual years being very dissimilar to all other years. The 1990s were all 
clustered together in the dendrogram, but 1990 and 1991 were slightly more distant from 
the main body of years in the MDS plot, suggesting a slightly different community 
composition. 
5. 2. 3 Southern and continental North Sea 
From the dendrogram, the years 1960-1995 formed three faunal groups at the 70 % 
similarity level in the southern continental North Sea (Fig. 33). Group I contained 1978, 
which was highly dissimilar from all the other years; Group 2 contained 1979 and 1980; 
Group 3 contained all the other years. From the MDS plot, it is clear that the majority of 
years were very similar (falling within 75 % similarity) to each other in terms of their 
community composition except for the three outstanding years ( 1978, 1979 and 1980). 
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Figure 32: (top) Dendrogram using Bray-Curtis similarity indices of 4'h-root 
transformed abundance of central and British coastal North Sea fauna from 1960-
1995. (bottom) MDS ordination of the fauna for the years 1960-1995 (stress value = 
0.18). 
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Figure 33: (top) Dendrogram using Bray-Curtis similarity indices of 4'"-root transformed 
abundance of southern continental North Sea fauna from 1960-1995. (bottom) MDS 
ordination of the fauna for the years 1960-1995 (stress value = 0.13). 
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5.2.4 Northern oceanic 
From the cluster analysis, the years for the northern oceanic area of the north-east 
Atlantic produced 3 fauna) groups at the 80 % similarity level (Fig. 34). Group I 
contained the majority of years and included 1960, 1961, 1962, 1963, 1964, 1965, 1966, 
1967, 1968, 1969, 1970, 1972, 1973, 1974, 1975, 1976, 1977, 1978, 1982, 1983, 1985, 
1986, 1987; Group 2 included the years 1971, 1979, 1980, 1981, 1988, 1989, 1990 and 
1994; Group 3 contained the years 1991, 1992, 1993 and 1995. The MDS plot shows 
that the decades 1960 and 1970 were very close together. Towards the end of the 1970s, 
there was a change in the community, with 1979, 1980, 1981 quite distant from the rest 
of the 1960s, 1970, and 1980s. The 1990s, however, experienced the largest change in 
the community with all the years in the 1990s distant from the majority of years on the 
MDS plot. 
5.2.5 Central oceanic 
From the cluster analysis for the central oceanic area, two fauna) groups were produced 
at the 70 % similarity level (Fig. 35). Group I contained the years 1969, 1972, 1977, 
1978, 1980, 1981 and 1992. Group 2 contained the remaining years from 1960-1995. 
The MDS plot shows that the phytoplankton community during the 1960s was fairly 
stable with these years close together on the MDS plot and clustered together on the 
dendrogram. Towards the end of the decade, there was a noticeable shift in 1969, with 
this year quite distant from the rest of the 1960s. The majority of the years in the 1970s 
were also close together on the MDS except for 1972, 1977 and 1978, with 1978 being 
the most distant from the all the other years on the MDS plot. This community persisted 
into the early 1980s, thereafter, the community returned to its previous state. 
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Figure 34: (top) Dendrogram using Bray-Curtis similarity indices of 4'h-root transfonned 
abundance of northern oceanic fauna from 1960-1995. (bottom) MDS ordination of the 
fauna for the years 1960-1995 (stress value= 0.16). 
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Figure 35: (top) Dendrogram using Bray-Curtis similarity indices of 4111-root 
transformed abundance of central oceanic fauna from 1960-1995. (bottom) MDS 
ordination of the fauna for the years 1960-1995 (stress value= 0.19). 
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5.2.6 Southern oceanic 
From the dendrogram, the years 1960-1995 formed four fauna( groups at the 60 % 
similarity level in the southern oceanic area of the north-east Atlantic (Fig. 36). Group I 
included the years 1980 and 1981; Group 2 included the year 1982; Group 3 included the 
years 1963, 1964, 1971, 1976, 1977 and 1983; Group 4 included the years 1960, 1961, 
1962, 1965, 1966, 1967, 1968, 1969, 1970, 1972, 1973, 1974, 1975, 1978, 1979, 1984, 
1985, 1986, 1987, 1988, 1989, 1990, 1991, 1992, 1993, 1994 and 1995. From the MDS 
plot, the majority of years are grouped fairly close together, except for 1963 and 1964, 
and the early 1980s (1980, 1981, 1982 and 1983). The years 1980 and 1981 being the 
most dissimilar from the rest of the years and the most distant on the MDS plot. 
5.3 Large inter-annual shifts and diversity 
A simple univariate index was used (see below) to show the large inter-annual 
community shifts in the north-east Atlantic from 1960-1995. The index was calculated 
by measuring the distance in space from the MDS plot between one year and the 
following year to produce an inter-annual distance (i.e. inter-point distance). The larger 
the inter-point distance, the larger the community shift from one year to the next. 
lnter-annualdistance (communityshift) = (xvcarZ -x,.",,1) 2 +(y,,,.,,2 - Y,.,.,,1) 2 
For the offshore northern North Sea, the largest shifts occurred between 1975-1980 and 
in the early 1990s (Fig. 3 7), with the largest shift occurring from 1975 to 1976. In the 
central and British coastal North Sea, the largest shifts occurred between the late 1970s 
and early 1980s, with the largest community shift from 1979-1980. For the southern 
continental North Sea, the largest community shifts occurred in the late 1970s, with the 
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Southern oceanic 
BRAY-CURTIS SIMILARITY 
® 
@0 
Figure 36: (top) Dendrogram using Bray-Curtis similarity indices of 4'h-root 
transformed abundance of southern oceanic fauna from 1960-1995. (bottom) MDS 
ordination of the fauna for the years 1960-1995 (stress value = 0.15). 
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largest inter-annual shift from 1978-1979. In the northern oceanic area on the north-east 
Atlantic, the largest community shifts occurred in the late 1970s and early 1980s, and 
again in the early 1990s, with the largest inter-annual shift occurring from 1978-1979. 
Similarly in the central oceanic area, the largest community shift occurred in the late 
1970s, with the largest inter-annual shift from 1978-1979. For the southern oceanic 
area, this same repeating pattern was seen, however, it occurred a couple of years later 
than in the other areas of the north-east Atlantic with the shift occurring in the early 
1980s and the largest inter-annual shift from 1981-1982. These exceptional shifts in the 
community structure have been superimposed on the MDS plots of the north-east 
Atlantic (Fig. 38) and summarised in Table 5.3. 
Table 5.3: A summary of exceptional years in the north-east Atlantic from 1960-1995 based on 
the phytoplankton community structure and years with anomalously low species numbers. 
Region 
Northern North Sea 
Central North Sea 
Southern North Sea 
Northern oceanic 
Central oceanic 
Southern oceanic 
Largest 
inter-annual shift 
1975-1976 
1979-1980 
1978-1979 
1978-1979 
1978-1979 
1981-1982 
Low diversity 
years 
1976, 1977 
1972, 1979, 1980 
1979 
1979, 1980, 1992, 1993 
1978 
1981, 1982 
Figure 3 7 shows the number of species recorded per year from 1960-1995 for the six 
regions of the north-east Atlantic. What is apparent from Figure 37 is that the large 
inter-annual shifts that occurred in the north-east Atlantic in the late 1970s and 1980s 
can be explained partly by the loss in diversity during these exceptional events (see 
Table 5.3). The late 1970s shift, and early 1980s shift, were associated with low 
numbers of phytoplankton species recorded during that period. For the three regions of 
the North Sea, this period was also associated with a decline in phytoplankton biomass 
(offshore northern North Sea, phytoplankton colour minima 1976; central and British 
coastal North Sea, phytoplankton minima 1977; southern continental North Sea, 
phytoplankton mimima 1979). There is evidence to suggest that the spring bloom was 
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Figure 37: Annual means of the long-term community shifts and the number of species 
recorded from 1960-1995 in the north-east Atlantic. Number of species recorded per year 
(thin line) is standardised to zero mean. Community shift (thick line) is calculated from the 
difference in space from the MDS plot between one year and the following year, the higher 
the inter-annual distance the larger the community shift. 
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delayed during th.is period with low phytoplankton colour values recorded particularly 
during the spring months (see Chapter 4, Fig. 24). If this is the case, many diatom 
species (associated with the spring bloom) could have failed to materialise during the 
spring, perhaps contributing substantially to the low number of Species recorded during 
this period. Table 5.4 shows that the intermediate and abundant (rare species have been 
removed) species that did not occur in 1979 in the central North Sea were all spring 
diatoms. The time-series for the central North Sea has no missing samples or any 
interpolated months. The delay in the spring bloom for this period is discussed in more 
detail in the following chapters. 
Table 5.4: Intermediate and abundant species found in the central North Sea that did not occur 
during 1979. The central North Sea contains no missing monthly values in the time-series ( 1960-
1995). 
Species 
Odontella aurita 
Asterionella glacialis 
Coscinodiscus concinnus 
Bellerochea malleus 
Ditylum brightwellii 
Bacillaria paxillifer 
Brief description 
Early spring diatom 
Early spring diatom 
Spring diatom 
Spring diatom 
Spring diatom 
Spring diatom 
In the north-east Atlantic, sampling during these events was average except for the 
southern North Sea which had slightly below average sampling during the spring of 
1979. It is possible that the loss in diversity in the southern North Sea could be 
attributed to a reduction in sampling effort during this period. However, in the southern 
North Sea, 1979 was still an exceptional year. For example, while virtually all the 
phytoplankton species showed a decline in 1979, the cold-water dinotlagellate Ceratium 
longipes was exceptionally abundant (five standard deviations above the long-term 
mean). The high phytoplankton biomass recorded in the late 1980s in the three North 
Sea regions and the central oceanic region, however, were not associated with a similar 
change in community. It can be assumed, therefore, that the high phytoplankton 
biomass was a result of the typical dominant phytoplankton assemblage being 
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Figure 38: MDS ordination of years of six regional areas of the north-east Atlantic. The 
late 1970s and early 1980s shift, common to all regional areas are highlighted. Original 
cluster groups for this period are also highlighted. 
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particularly abundant during the late 1980s and not due to a shift in the community 
structure. Unless this shift was predominant in a particular season. 
What is apparent from the results in this chapter (summarised in Fig. 37 and Table 5.3) 
is that the most exceptional event in terms of phytoplankton community structure 
occurred in the late 1970s and early 1980s, and this event was common to all the regions 
of the north-east Atlantic. This event was so important and substantial it could have had 
an impact on the whole North Sea ecosystem and not just on the phytoplankton 
community. Evidence to suggest this is the case comes from the abundance of 
representatives of the zooplankton community shown in Figure 39a. Figure 39a shows 
the abundance of copepods, decapod larvae and fish larvae in the central North Sea from 
1960-1995. All these taxa show an exceptionally low abundance during the late 1970s 
and early 1980s, notice also that the sea surface temperature during the late 1970s was at 
its lowest value between 1960-1995. Figure 39b shows the results of an independent 
survey of the number of benthic species sampled in the southern North Sea from 1978 to 
1995 (Kroncke, et al., 1998). This survey also showed a minimum in diversity in the 
late 1970s. The peak in diversity ( 1990) also corresponds with the very high 
phytoplankton colour recorded in the southern North Sea with a lag of one year (peak in 
phytoplankton colour 1989). 
Another important observation to come from the results of this chapter is that the 
number of phytoplankton species recorded in the northern oceanic area has reduced 
substantially in the early 1990s, reaching an all time low in 1992. This pattern is not 
seen anywhere else in the north-east Atlantic. In the previous chapter, it was noticed that 
the northern oceanic area showed an inverse pattern in its phytoplankton biomass trend 
compared to all the other areas of the north-east Atlantic, with mainly below average 
biomass values over the last decadal period ( 1985-1995). So, the loss of diversity in the 
northern oceanic region is associated with a decline in phytoplankton biomass. This is 
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Figure 39: (a) Annual means of Sea Surface Temperature (SST) and representatives of the 
zooplankton community from 1960-1995 for the central North Sea. Data are standardised to 
zero mean. (b) Estimated (solid line) and observed (dashed line) of the species number of 
benthos in the second quarter from the southern North Sea (from Kroncke et al., 1998). Annual 
means of phytoplankton colour in the southern continental North Sea. 
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further evidence that the northern oceanic area of the north-east Atlantic is responding 
differently from the other regional areas of the north-ea·st Atlantic. The 1970s/early 
1980s event, and the difference in timing between the regions, is discussed in Chapter 7. 
5.4 Principal research findings for Chapter 5 
• A non-native diatom species has spread throughout the north-east Atlantic since its 
introduction in 1977, and now represents an important member of the phytoplankton 
community 
• The most exceptional event in terms of an inter-annual shift in phytoplankton 
community structure occurred in the late 1970s/early 1980s and is common to all 
regions of the north-east Atlantic 
• The changes in community structure show associations with changes in 
phytoplankton diversity and biomass and show a lag element between the six regions 
of the north-east Atlantic 
• The northern oceanic region is experiencing a pronounced loss in phytoplanRton 
diversity during the 1990s which is associated with a sharp decline in phytoplankton 
biomass 
• The large-scale changes in phytoplankton biomass and community show strong 
relationships with other trophic levels including zooplankton, fish and the 
macrobenthos 
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Chapter 6 
Long-term and spatial trends in the 
phytoplankton assemblage 
This chapter provides infonnation of the changes in species dominance 
and long-tenn assemblage trends seen throughout the north-east Atlantic 
from 1960-1995. After a brief introduction, long-term and regional 
changes in phytoplankton species dominance are explored. Diatom and 
dinoflagellate species are then divided into two separate groups. Using 
Principal Component Analysis, the long-tenn trends of these two groups 
are described to ascertain whether there has been a shift in dominance. 
Results are discussed in relation to the previous chapters. 
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Chapter 6: Long-term and spatial trends in the 
phytoplankton assemblage 
Dickson et al. ( 1992) for continental shelf suggested that an annual time-series of the 
seasonal diatom/dinoflagellate ratio waters would provide an early warning signal for 
both regional environmental changes, such as eutrophication, and global changes, such as 
global warming. The reasoning behind their theory was based on the consistent patterns 
of ecological succession in marine phytoplankton which are observed as a result of the 
degree of vertical stability of the water column, consequently influencing nutrient ratios 
and life stategies adopted by specific groups of phytoplankton. The transition from a 
turbulent to a stable environment is associated with a phytoplankton succession from 
diatoms (opportunists), through flagellates (competitors) to dinoflagellates (stress-
tolerators) (Holligan, 1987). Thus, long-term effects of the degree of thermal 
stratification on the marine environment caused by climate change are likely to be 
reflected clearly in the phytoplankton community composition. 
Climatic change scenarios predict that a doubling of atmospheric C02 concentration will 
result in an increase in temperature and precipitation over northern Europe (Schmidt-van 
Dorp, 1994). Global warming will, therefore, intensify stratification directly through 
increased surface water temperature and, indirectly, through increased run-off. Changes 
in the phytoplankton community structure and abundance/production has been used also 
to assess whether eutrophication, caused by anthropogenic nutrient input, is occurring in 
coastal ecosystems. It has been suggested that an increase in nutrient run-off will 
increase the intensity and frequency of phytoplankton blooms (Gowen, 1987; Parker, 
1987; Prakash, 1987; Reid, 1997). The anticipated net effect of an increase in the 
intensity of stratification and nutrient loading is to shift the phytoplankton composition 
from diatoms to dinoflagellates, as dinoflagellates favour these conditions (Holligan 
1987; Dickson et al., 1992; van Beusekom & Diei-Christiansen, 1994). 
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Therefore, this chapter analyses the long-term and regional variation in the phytoplankton 
assemblage by looking at changes in species dominance and the trends in diatom and 
dinotlagellate assemblages. Some of the questions addressed included: (I) can the shifts 
in the community structure (Chapter 5) be attributed to diatoms or dinotlagellates or 
both? (e.g. if the shift is particularly prevalent in the diatom assemblage it could indicate 
a winter/spring phenomenon); (2) does a diatom/dinotlagellate shift mark a change in 
environmental conditions?; and (3) how do the diatom/dinoflagellate trends relate to long-
term trends in phytoplankton biomass? 
When trying to interpret trends from a species assemblage (in this case up to 40 
phytoplankton species), it is extremely difficult to summarise the results. For example, if 
the long-term trends for all the phytoplankton species were plotted it wou Id create up to 
40 graphs, making it very difficult to identify any patterns (many of these species 
interactions will be highly complex and sometimes non-linear). A statistical technique, 
which can help to summarise the results from large multivariate datasets, is principal 
component analysis (PCA). PCA, was used in this chapter to investigate and summarise 
the long-term trends in the diatom and dinotlagellate assemblage and is discussed in more 
detail in Section 6.2. Another way of gauging trends in assemblage information is to 
examine changes in the species dominance. Changes in species dominance have been 
examined using the five most overall dominant dinotlagellates and diatoms (average 
dominance 1960-1995) for the six regional areas of the north-east Atlantic. In this case, 
the term dominance, refers to the most frequently sampled phytoplankton expressed as its 
percentage frequency found on CPR samples (i.e. the number of samples on which the 
species has been recorded divided by the total number of samples taken for any given 
area and time). To examine the temporal patterns in phytoplankton dominance, the 
percent dominance was calculated for 5-year periods from 1960-1995, the same time-
periods used to construct the maps of phytoplankton colour in Chapter 4. 
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6.1 Long-term and regional changes in species dominance 
Appendix I shows the most frequently recorded species in the northern North Sea 
(averaged for 1960-1995). Only species that occurred at frequencies above I % are 
listed. Dinoflagellates were dominated by the Ceratium genus with the most frequently 
recorded diatoms being Thalassiosira spp. and Hyalochaete spp. The assemblage was 
made up chiefly of cosmopolitan species, in terms of temperature and salinity, with an 
absence of any truly neritic species. Table 6.1 shows the temporal changes m the 
frequencies of the five most frequently recorded dinoflagellates and diatoms in the 
northern North Sea. For 1960~ 1965, Ceratium macroceros was the most dominant 
dinoflagellate. Over successive time-periods, the frequency of C. macroceros declined to 
a low point between 1978-1983, the species has since increased but was well below the 
values recorded in the early 1960s. During the majority of time-periods, C. jitsus was the 
dominant dinoflagellate, reaching a peak between 1984-1989 along with C. furca, C. 
tripos and C. longipes. 
During 1990-1995, C. lripos became the most dominant dinoflagellate showing the 
biggest increase from the ealy 1960s to the early 1990s (from 19.1 %to 38.8 %). The 
general trend for C. jitrca, C. lripos and C.jitsus was to increase, while C. macroceros and 
C. longipes declined. For the diatoms, the majority of the time-periods were dominated 
by Thalassiosira spp. The frequency of Thalassiosira spp. has not fluctuated to any great 
degree throughout the time-periods, with the 1990-1995 frequency close to the long-term 
mean. However, the other diatoms have all shown a general decline from the high 
frequencies recorded in the early 1960s and the mid-1980s to low frequencies recorded in 
the early 1990s. Unlike the dinoflagellates, diatoms were frequently recorded in the early 
1960s. The biggest differences in the diatom assemblage between the 1960s and 1990s 
included Hyalochaete spp. (dropping from 15.1 %to 8.5 %) and Rhizosolenia alata alata 
(dropping from I 5.5% to 7.2 %). For the majority of species, both diatoms and 
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dinoflagellates, 1978-1983, was a period m which the frequencies were well below 
average. 
Table 6.1: Changes in the five most frequently dominant dinoflagellate/diatom species in the 
northern North Sea over successive time periods (five years). Values are represented by 
percentage frequency of occurrence in CPR samples. Dominant dinoflagellates and diatoms are 
highlighted in successive time periods. 
Taxon 
Ceratium fusus 
Ceratium furca 
Ceratium tripos 
Ceratium macroceros 
Ceratium longipes 
Thalassiosira spp. 
Chaetoceros( Hyalochaete) spp. 
Chaetoceros( Phaeoceros ) spp. 
Rhizosolenia alata alata 
Thalassionema nitzschioides 
60-65 
24.57 
22.13 
19.11 
66-71 
23.44 
r-28_.1!8 . 1 
15.23 
12.37 
14.97 
13.41 
10.81 
10.78 
15.09 
12.64 
r-m!J 
10.20 
1- 11.20. 
10.68 
10.81 
6.25 
7.16 
Time period 
72-77 78-83 84-89 90-95 
. 29.49 22.54 54.27 37.45 
20.61 18.57 45.18 37.27 
24.04 16.03 40.63 c3s:r5-] 
12.12 5.02 13.50 18.82 
16.16 8.93 21.07 9.23 
I 7.88 .. I __ --:1:-:4.,.,53 __ 1:-:::5:-:::.5-:-6 ----=-11A4 ..:.J 
[12~73] 9.90 15.29 8.49 
11.92 5.28 13.64 9.96 
11.31 4.63 11.98 7.20 
4.85 6.91 7.02 6.09 
Appendix 2 shows the most frequently recorded species (>I% frequency) in the central 
and British coastal North Sea. Dinoflagellates were dominated by the Ceratium genus 
along with Protoperidinium spp. The most dominant diatoms were Chaetoceros spp. of 
the genera Phaeoceros and Hyalochaete spp. The assemblage was made up chiefly of 
cosmopolitan species (in terms of temperature and salinity), with the exception of the 
more neritic Odontel/a genus comprising of 0. senensis, 0. regia and 0. aurita; the 
oceanic diatom Thalassiothrix longissima also occurred at frequencies above I%. Table 
6.2 shows the temporal changes in the frequencies of the five most frequently recorded 
diatoms and dinoflagellates in the central and British coastal North Sea. During the 
majority of time-periods, C. fosus dominated the dinoflagellate assemblage, reaching a 
low between 1978-1983 and a high in 1984-1989. The other dinoflagellates also 
followed this pattern, except for C. macroceros which was the second most frequently 
recorded dinoflagellate in the early 1960s (38.89 %) and showed an extreme drop in the 
1978-1983 time-period (6.03 %). Since then, the species has slightly recovered (up to 
11.2 %) in the early 1990s. For the diatoms, Chaetoceros spp. dominated the first three 
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time-periods with Thalassiosira spp. dominating the last three periods. Thalassiosira 
spp. and Rhizosolenia a/ala alata were the most stable diatom populations and their 
frequencies fluctuated only slightly throughout the time-periods. The other diatoms, 
however, have declined. This is particularly apparent for the Chaetoceros spp. (from 
28.89% and 32.15% in the early 1960sto 15.75% and 13.72% in the 1990s). 
Table 6.2: Changes in the five most frequently dominant dinoflagellate/diatom species in the 
central North Sea over successive time periods (five years). Values are represented by percentage 
frequency of occurrence in CPR samples. Dominant dinoflagellates and diatoms are highlighted in 
successive time periods. · 
Time period 
Taxon 60-65 66-71 72-77 78-83 84-89 90-95 
=-=-'"~·~;::~o-::::-::l-'·· +~~-;::;]~~::~·- --~~~~,~~-- ~:~~-Ceratium fusus [_42.49 Ceratium furca 37.53 
Ceratium tripos 28.31 29.40 29.61 16.12 35.47 25.46 
Ceratium macroceros 39.89 25.57 21.62 6.03 9.90 11.17 
Protoperidinium spp. 14.68 20.49 18.04 15.23 24.46 17.55 
Chaatocaros( Phaeoceros) spp. 28.89 
Chaetoceros( Hyalochaete ) spp. 32.15· 
~-- .. 23'07:.1 18.79 21.06 15.75 
l 23.78 20.70 17.62 19.68 13.72 
Thalassiosira spp. 18.55 18.10 15.58 [20::"-.. - -~--···- ----, .89 . _,, ~?.37.. . . ) 9.01 ..• 
Rhizosolenia alata alata 19.96 11.05 12.09 6.40 14.79 8.85 
Rhizosolenia styliformis 13.84 10.76 12.29 9.11 16.47 11.62 
Appendix 3 shows the most frequently recorded phytoplankton species (>I% frequency) 
in the southern and continental North Sea. The most frequently recorded dinoflagellates 
were the Ceratium genus and the most frequently recorded diatom was 0. sinensis (a non-
indigenous diatom introduced in 1907). The assemblage was made up of cosmopolitan 
and neritic species. The neritic diatoms included the Odontella genus, Coscinodiscus 
genus, Bellerochea malleus, Bacillaria paxillifer and Lauderia borealis. The red tide 
forming dinoflagellate Noctiluca scintillans, and the nuisance bloom-forming flagellate 
Phaeocystis pouchetii, were more common in this region than the other areas of the north-
east Atlantic. Table 6.3 shows the temporal changes in the five most frequently recorded 
diatoms and dinoflagellates in the southern continental North Sea. Again, C. fusus 
dominated the dinoflagellate assemblage, reaching a low in 1978-1983 and a high in 
1984-1989. In 1978-1983 particularly low frequencies for C. tripos, C. horridum and C. 
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macroceros were recorded. Like other regions of the North Sea, C. macroceros declined 
from its high frequencies in the 1960s (second most dominant dinoflagellate) to low 
values in the 1978-1983 time-period. In this region, however, the change was even more 
exceptional, (from 43.8 % in the early 1960s to 0.4 % in the 1978-1983 time-period). 
Unlike the other areas of the North Sea, the neritic diatom 0. sinensis was the most 
frequently recorded diatom and remained relatively stable throughout the time-periods. 
Paralia sulcata (a benthic diatom) increased from the 1960s to the early 1990s, while 
Thalassiosira spp. remained fairly stable throughout the time-periods. The only diatoms 
to show significant decreases were Chaetoceros spp., Phaeoceros spp. (25.5 %) and 
Hyalochaete spp. (24.9 %) in the early 1960s to 15.5 % and I 0.9 % in the early 1990s. 
The decline of Chaetoceros spp. was a common pattern seen in all the regional areas of 
the North Sea. 
Table 6.3: Changes in the five most frequently dominant dinotlagellate/diatom species in the 
southern North Sea over successive time periods (five years). Values are represented by 
percentage frequency of occurrence in CPR samples. Dominant dinoflagellates and diatoms are 
highlighted in successive time periods. 
Taxon 
Ceratium fusus 
Ceratium furca 
Ceratium tripos 
Ceratium horridum 
Ceratium macroceros 
Odontella sinensis 
Para/ia sulcate 
Chaetoceros( Phaeoceros) spp. 
Thalassiosira spp. 
Chaetoceros( Hyalochaete) spp. 
Time period 
60-65 66-71 72-77 78-83 84-89 90-95 
L. 46:55~< . 43~~-:·~o.37·:J 31.34 l 54.o6 __ 3339·:,J 
34.22 30.41 39.45 [~~3fl 39.35 29.65 
22.73 27.49 37.43 12.18 30.07 20.99 
28.78 21.99 23.49 12.38 24.57 24.49 
43.77 28.35 29.36 0.40 1.88 7.86 
32:0~ 
22.97 
25.51 
16.32 
24.91 
17.01 23.12' 
'13.32 13.76 
r~-2D2J 
16.84 15.78 
16.41 20.00 
~5,35'' 30:29' -·32c35 · 
17.17 24.13 27.87 
21.16 17.83 15.53 
20.76 21.52 16.76 
12.57 10.65 10.99 
Appendix 4 shows the most frequently recorded phytoplankton species in the northern 
oceanic area of the north-east Atlantic (>I% frequency). Dinoflagellates were dominated 
by the Ceratium genus and diatoms by Thalassiosira spp. and Chaetoceros spp. The 
assemblage was made up of cosmopolitan species with the addition of more oceanic 
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species such as Dactyliosolen mediterraneus, D. antarcticus, T longissima and R. alata 
indica. Table 6.4 shows the temporal changes in the five most dominant dinoflagellates 
and diatoms in the northern oceanic area. Throughout the time-periods, C. jusus 
dominated the dinoflagellate assemblage with frequencies of around 35 %. What is 
apparent from the time-periods is that there has been an overall decline in dinoflagellates 
from the 1960s to the early 1990s. Unlike the other regions of the north-east Atlantic, the 
1990-1995 period had the lowest frequencies (by as much as 50%) in the 1990s compared 
to the 1960s. This decline was even more pronounced for C. lineatum, which dropped in 
frequency from 17. 7 % in the early 1960s to 2.3 % in the early 1990s (a drop of over 85 
%). For the diatoms, Hylochaete spp. dominated in the 1960s, Thalassiosira until the late 
1980s and R. styliformis in the last time-period. All the diatoms declined in a similar 
fashion to the dinoflagellates. Excluding R. styliformis, all the diatom species had their 
lowest recorded frequencies in 1990-1995, dropping between 60-80 % in frequency. 
Again, Chaetoceros spp. faired the worst from the diatom assemblage, with Hyalochaete 
spp. dropping from 31.1 % ( 1960s) to 7 % ( 1990s). The only species to show any degree 
of stability throughout the time-periods was R. styliformis, which fluctuated by only a few 
percent. 
Table 6.4: Changes in the five most frequently dominant dinoflagellate/diatom species in the 
northern oceanic area over successive time periods (five years): Values are represented by 
percentage frequency of occurrence in CPR samples. Dominant dinoflagellates and diatoms are 
highlighted in successive time periods. 
Taxon 
Ceratium fusus 
Ceratium furca 
Ceratium tripos 
Ceratium honidum 
Ceratium lineatum 
Thalassiosira spp. 
Chaetoceros (Hyalochaete) spp. 
Chaetoceros (Phaeoceros) spp. 
Thalassionema nitzschioides 
Rhizosolenia styliformis 
60-65 
f· 40.74 
t_;_ . 
30.16 
20.37 
16.84 
17.74 
24.96 
14.05 
Time period 
66-71 72-77 78-83 84-89 90-95 
-::470:~8'=~'~"~-__ ':::"350_:-=06::~-':;: ~4.~5~\ 2:;~,, __ 26.:~J 28.46 23.75 24.31 21.82 16.44 
18.62 17.85 20.08 18:16 8.95 
12.82 12.67 6.32 15.06 11.85 
10.38 
15.59 
12.67 
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10.92 
10.68 
11.55 
9.06 
·'·23,52 
16.73 
21.36 
14.76 
12.89 
6.98 
22:81 . ' 
~ 
16.72 
17.50 
13.18 
14.51 
2.33 
11.87 
7.00 
9.73 
7.10 
i·:-·:-1'3_:'127"] 
Appendix 5 shows the most frequently recorded species in the central oceanic area of the 
north-east Atlantic(> I% frequency). Dinotlagellates were dominated by Ceratiurn spp. 
and the diatoms by Thalassiosira spp. and Thalassionerna nitzschiodes. The assemblage 
comprised mainly of cosmopolitan species with the addition of more oceanic species and 
some warmer Ceratiurn spp. such as C. hexacanthurn and C. azoricurn. The more colder 
water Ceratiurn species, such as C. longipes, was recorded in much lower frequencies 
(1.7 %) than in other areas of the north-east Atlantic (excluding the southern oceanic 
area). Table 6.5 shows the temporal changes in the five most frequently recorded 
dinotlagellates and diatoms. Throughout the time-periods, C. fusus was the most 
frequently recorded dinotlagellate, recording its highest frequency in the 1984-1989 time-
period. These patterns show similarities with the regional areas of the North Sea. C. 
lripos and C. horridurn were also recorded at their highest frequencies during this period. 
For the majority of time-periods, Thalassiosira spp. was the most frequently recorded 
diatom, except for 1960-1965 when Nitzschia delicatissima was dominant. While 
Thalassissira spp. has shown a general increase in frequencies since the 1960s, the other 
diatoms have decreased in frequency. Again, the Chaetoceros spp. have declined 
compared to their 1960s frequencies. However, N. delicatissima has shown the greatest 
decline amongst the diatom assemblage, dropping from 34.7% in the early 1960s to 12.4 
% in the early 1990s. 
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Table 6.5: Changes in the five most frequently dominant dinoflagellate/diatom species in the 
central oceanic area over successive time periods (five years). Values are represented by 
percentage frequency of occurrence in CPR samples. Dominant dinoflagellates and diatoms are 
highlighted in successive time periods. 
Time period 
Taxon 60-65 66-71 72-77 78-83 84-89 90-95 
Ceratium fusus 49.15 52.82 50.26 43.25· 57.10 43:05 
Ceratium furca 47.70 39.44 42.71 38.01 42.63 35.91 
Ceratium tripos 22.01 19.39 23.08 19.81 29.62 23.94 
Ceratium honidum 14.51 11.72 16.37 11.35 16.76 14.09 
Ceratium lineatum 16.30 12.01 15.22 8.89 15.82 11.78 
Thalassiosira spp 20.82 1IJ. 79 21.41 20.45 . 30,56 ·2,L71. 
Thalassionema nitzschioides 32.51 15.05 19.52 16.06 21.98 19.88 
Chaetoceros( Phaeoceros J spp. 24.57 12.30 18.89 18.42 18.90 14.29 
Chaetoceros( Hyalochaete J spp. 22.01 16.06 17.63 11.67 21.18 17.95 
Nitzschia delicatissima c34.~ 10.78 9.23 11.46 17.16 12.36 
Appendix 6 shows the most frequently recorded phytoplankton species for the southern 
oceanic area of the north-east Atlantic (>I% frequency). Dinoflagellates were dominated 
by the Ceratium genus and Protoperidinium spp., whereas the diatom community was 
dominated by Chaetoceros spp. and T. nitzschiodes. The assemblage was made up of 
cosmopolitan and warmer oceanic species. A number of warm water Ceratium species 
(C. gibberum, C. bucephalum, C. trichoceros and C. extensum) were found in this region. 
In the warmer oceanic waters, dinoflagellates became a more important component of the 
phytoplankton assemblage compared to sub-polar and boreal seas and this was certainly 
the case for this region. Fifteen species of the Ceratium genus were recorded at 
frequencies above I % in this region compared with just seven in the northern oceanic 
area and in the northern North Sea. Table 6.6 shows the temporal changes in the five 
most frequently recorded diatoms and dinoflagellates in the southern oceanic region. 
Ceratium fusus dominated the dinoflagellate assemblage throughout the time-periods, 
showing a small increase in its frequency from its original 1960 values. The other 
dinoflagellates also showed a general increase in the 1990s, with C. macroceros 
increasing from 16.2 % to 28.4 %. In common with the other regions of the north-east 
Atlantic, the period 1978-1983 was marked by a decrease in frequencies. The diatom 
species, however, all showed decreases in the early 1990s compared with their 1960s 
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values. Again, Chaetoceros spp. showed a large decrease from their 1960s values with 
the Hyalochaete spp. dropping from 22.9 %to I 0. 7 % in the early 1990s. 
Table 6.6: Changes in the five most frequently dominant dinollagellate/diatom species in the 
southern oceanic area over successive time periods (five years). Values are represented by 
percentage frequency of occurrence in CPR samples. Dominant dinollagellates and diatoms are 
highlighted in successive time periods. 
Time period 
Taxon 60-65 66-71 72-77 78-83 84-89 90-95 
Ceratium fusus 28:72 35.70 . 38.35 26.96 34;87 31.55 
Ceratium furca 25.34 21.13 31.20 22.17 23.93 25.47 
Ceratium macroceros 16.22 18.40 17.67 13.48 23.25 28.36 
Ceralium tripos 15.20 12.02 18.42 10.00 19.15 20.69 
Protoperidinium spp. 12.50 8.74 14.29 6.96 11.97 13.02 
Chaetoceros( Phaeoceros) spp. 21.28 13.84 13.53 15.65 12.31 15.48 
Thalassionema nitzschioides 19.59 I15A8:1 19.92 13.48 12.31 11.43 
Tha/assiosira spp. 19.93 13.84 15.04 13.04 14.36 12.59 
Chaetoceros( Hyalochaete) spp. 22:97 15.30 21.05 15.22 9.06 10.71 
Nitzschia delicatissima 22.64 10.02 8.27 2.61 8.89 7.53 
6.2 Long-term trends in the phytoplankton assemblage 
To investigate whether the shifts in community structure (Chapter 5) may be attributed to 
trends in fluctuations of diatoms or dinoflagellates, or both, PCA was performed 
separately for the diatom and dinoflagellate assemblage. From the original phytoplankton 
assemblage, three principal components were produced for both diatoms and 
dinoflagellates for the six regional areas. Although the number of principal components 
produced was rather subjective (e.g. it could range between 1-40 in the phytoplankton 
dataset), the first three principal components are thought to be the best representation of 
the sample data (Jongman et al.. 1995). The goal of PCA is to identify which 
combinations of variables explain the largest amount of variation in the phytoplankton 
assemblage (e.g. from the original data of 40 phytoplankton species, the information is 
reduced to 3 or 4 new variables known as principal components). These new variables 
try to explain the dominant information within the dataset. The first principal component 
is chosen in such a way as to explain the largest possible amount of infonnation in the 
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data, the second principal component is chosen to be as different as the first 
(uncorrelated) and explain the second largest amount of information, and so on. 
The three new variables (the first 3 principal components) are linear combinations of the 
original ones which contain the amount of information explained from the original data, 
expressed as the% variance explained (Ciarke & Warwick, 1994). Associated with each 
principal component is a set of component loadings (similar to goodness-to-fit 
coefficients) which are used to calculate the value of the new variables (principal 
component I, 2 and 3). In the interpretation of the component loading, species which 
have small component loadings for a particular principal component (-0.2-0.2) do not 
contribute to any great extent to the value of the principal component and are usually 
ignored in any interpretation. However, to calculate the new principal component value 
all species are considered. The principal component value can be calculated from the 
original measurement multiplied by the component loading value. This technique was 
used to construct six new time-series plots that summarise the phytoplankton trends (three 
for diatoms and three for dinoflagellates). The new time-series plots were constructed as 
follows: 
(I) Original data (annual means) for the 36 years for each species used in the analysis 
were log-transformed to normalise the data. 
(2) Each measurement (annual mean) for each species was then multiplied by the 
component loading (PC~. PC2, PC3) for that particular species. 
(3) The sum of the annual mean value multiplied by the component loading (PC~. PC2, 
PC3) for every species will equal the new principal component value. 
( 4) Every measurement (year) will then have a principal component value that is plotted 
as a new time-series (graphs scaled to zero mean and unit variance). 
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Before the analysis was performed, it was necessary to decide whether to use a 'species-
centred PCA' or a 'standardised PCA'. The two.different PCAs are created depending on 
whether the original data are transformed by standardisation. In a species-centred PCA, 
each species is weighted by the variance of the abundance values. Species with high 
variance (usually the most abundant ones) will, therefore, dominate the principal 
components, while the rare species will have a smaller influence. This is why 
standardised PCA is sometimes applied to the dataset to give equal weights to all species. 
However, if there are many rare species, they may unduly influence the results and 
chance can dominate the results. It is, therefore, recommended that species-centred PCA 
is used unless there are different variables that are measured in different units, then 
standardisation is necessary (Jongman et al., 1995). One of the questions addressed m 
this chapter is whether the PCA results can be related to the long-term trends in 
phytoplankton biomass (Chapter 4). It is, therefore, thought more appropriate to have the 
principal components influenced by the most abundant species rather than rare species, 
which have little influence on the overall phytoplankton biomass. It must also be noted 
that the new principle component values are arbitrary in terms of positive or negative 
values, and must be used in conjunction with the component loadings in any form of 
interpretation (i.e. an increasing trend line does not necessary denote an increase in 
abundance). To emphasise the dominant trends, three-year moving average trend lines 
were superimposed on the principal component values. 
6. 2.1 Offshore northern North Sea 
Figure 40 shows the first three newly constructed principal components for 
dinoflagellates and diatoms in the offshore northern North Sea; Appendix 7 shows the 
resultant component loadings for each principal component. The first dinoflagellate 
principal component represents 36.4% of the variability from the original data. The 
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Figure 40: The first three dinoflagellate and diatom principal component values (1960-
1995) for the offshore northern North Sea. Only species that were recorded at a frequency 
of above I% in CPR samples were used to construct the principal components. Thick line 
represents a three-year running mean. 
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dominant trend shows that the dinotlagellate assemblage was fairly stable throughout the 
1960s and early 1970s. During the 1975-1980 period, there was a sharp drop, thereafter, 
the values increased to above average levels. The first principal component is 
characterised by the abundance of the most dominant dinotlagellates (C. furca and C. 
lripos) in the northern North Sea, which have seen a general increase since the 1960s. 
The second principal component, explaining 16.8 % of the variability of the original data 
shows a general increase and is characterised by the abundance of Protoperidinium spp. 
and Dinophysis spp. The third principal component shows a general decrease from 1960-
1995 and explains 15.4 % of the variation. Many of the dinotlagellates were correlated 
negatively with the trend except for the colder water C. longipes, which showed a 
positive correlation. The first diatom principal component represents 24.9 % of the 
variation from the original data and showed a general decrease from the 1960s to the 
1990s, with the 1975-1980 period showing a sharp drop. The first principal component is 
characterised by Phaeoceros spp., T. nilzschioides, R. a/ala a/ala and R. hebelala 
semispina, which showed a positive association. The second and third principal 
components explained 15.6% and 14.3 % ofthe variability, respectively, and showed 
mainly weak or negative associations by the diatom assemblage. Paralia su/cata was 
strongly negatively associated with PCA3 and showed a steep decline in the 1970s. 
6. 2. 2 Central and British coastal North Sea 
Figure 41 shows the first three newly constructed principal component values for 
dinotlagellate and diatoms in the central and British coastal North Sea; Appendix 8 shows 
the resultant component loadings for each principal component. The first dinotlagellate 
principal component represented 43.5 % of the variability from the original data. The 
dominant trend stays fairly close to the mean except for the high periods in the early 
1970s and mid-1980s and low periods in the late 1970s and in the very early 1990s. 
135 
Dinoflagellates 
4.--------------. 
3 
2 
~:~·· 
o. -1 J \'f-V 
-2 V 
-3 
-4+-~~~-~-r-~--r-~ 
1960 1965 1970 1975 1980 1985 1990 1995 
4 
3 
2 
Years 
~:.~ 
-3 
-4 ~~-~-r-~-~-~~ 
1960 1965 1970 1975 1980 1985 1990 1995 
Years 
4 .--------------. 
3 
~;~V\~ 
-2 
-3 
-4 
1960 1965 1970 1975 1980 1985 1990 1995 
Years 
Diatoms 
4-r------------~ 
3 
2 
" o 1--~;;;~----:Yil'tr-'-'l lr I 
-1 
-2 
-4 -1-~--r--.--~~~-~-.,J 
1960 1965 1970 1975 1980 1985 1990 1995 
Years 
4-,-------------. 
3-
2 
-2-
-3 
~-1-~--r--.--~~~-~-.,J 
1~1~1~1m1~1~1~1~ 
Years 
4,-------------. 
3 
2 
-3 
~ -~---.---.---.--,....-~--r-~ 
Years 
Figure 41: The first three dinoflagellate and diatom principal component values (1960-
1995) for the central and British coastal North Sea. Only species that were recorded at a 
frequency of above I% in CPR samples were used to construct the principal components. 
Thick line represents a three-year running mean. 
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While all dinotlagellates showed positive associations with this trend, the trend was 
characterised by the most dominant dinotlagellates in the central North Sea (C.tripos,C. 
furca, C.fusus, Protoperidinium spp.). The second principal component explains 21.8 % 
and showed a steady increase from the 1960s to the 1990s. A positive association with 
this trend was Prorocentrum spp. which showed an increase in abundance. Negatively 
associated with this trend was the more colder water Ceratium species C. longipes and C. 
macroceros which showed a general decline in abundance since the 1960s. The third 
principal component shows mainly low and negative associations with the most dominant 
dinotlagellates. The first diatom principal component represents 30.6% of the variability 
and showed a general decline from the 1960s to the 1990s punctuated by an extreme drop 
in the late 1970s. Virtually all the diatom species were correlated positively with this 
principal component particularly P. sulcata, R. imbrica shrubsolei, T. nitzschiodes and 
Cylindrotheca closterium. The second and third principal component represents 8.9 % 
and 8. I % of the variability respectively. Many of the diatom species were weakly or 
negatively associated with these components except for theRhizosolenia genus for PCA2 
and the neritic diatoms (Bellerochea malleus and Bacillaria paxi/lifer for PCAJ). 
6.2.3 Southern continental North Sea 
Figure 42 shows the first three newly constructed principal component values for 
dinotlagellates and diatoms in the southern continental North Sea; Appendix 9 shows the 
resultant component loadings for each principal component. The first dinotlagellate 
principal component represents 34.6 % of the variability from the original data. The 
trend showed a slight increase from the 1960s to the 1990s and, like the other areas of the 
North Sea, the late 1970s showed a sharp drop, which was more pronounced in this 
region. Associated with this principal component were the dominant dinotlagellates such 
as C.fusus, C. tripos, C.furca and Protoperidinium spp. Ceratium lineatum, C. 
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Figure 42: The first three dinotlagellate and diatom principal component values (1960-
1995) for the southern continental North Sea. Only species that were recorded at a 
frequency of above I% in CPR samples were used to construct the principal components. 
Thick line represents a three-year running mean. 
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macroceros and C. longipes showed weak or negative associations with the first principal 
component. The second principal component represented 22.5 % of the variability and 
was characterised by a very strong negative association with C. macroceros. In reality, 
the trend line was virtually identical to the inverse abundance of C. macroceros in the 
southern North Sea. The third principal component represented 12.8 % and was 
characterised by a very strong negative association with C. longipes. Unlike the rest of 
the phytoplankton assemblage, C. longipes was found in high abundance in the southern 
North Sea in the late 1970s. The first diatom principal component represents 20.7 % of 
the variability and showed a similar trend to the other regions of the North Sea (i.e. 
showing a general decrease from the 1960s to the 1990s and a sharp drop in the late 
1970s). The majority of the diatom assemblage was positively associated with this trend. 
The second and third diatom principal component represented 12.5 % and 9 % 
respectively. The dominant diatoms (Chaetoceros spp. and Thalassiosira spp.) were 
negatively associated with this second trend and many of the neritic diatoms m the 
southern North Sea were negatively associated with PCA,. 
6.2.4 Northern oceanic 
Figure 43 shows the first three newly constructed principal component values for 
dinoflagellates and diatoms in the northern oceanic area of the north-east Atlantic, and 
Appendix I 0 shows the resultant component loadings for each component. The first 
dinoflagellate principal component represented 51.1 % of the variability from the original 
data. The trend remained fairly stable up unti I the late 1980s, after which, there was a 
sharp drop that continued throughout the 1990s. Associated with this principal 
component were the dominant dinoflagellates of this region particularly, C. tripos and C. 
horridum. The second principal component represented 12.9% ofthe variability and was 
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Figure 43: The first three dinoflagellate and diatom principal component values (1960-
1995) for the northern oceanic region. Only species that were recorded at a frequency of 
above I% in CPR samples were used to construct the principal components. Thick line 
represents a three-year running mean. 
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positively associated with Oxytoxum spp. The third principal component represents I 0.9 
% of the variability and was associated rather weakly or negatively with the dominant 
dinotlagellates of this region. The first diatom principal component represents 35.9% of 
the variability in the diatom assemblage and showed a similar trend to dinotlagellate 
PCA 1• The trend showed a general decline from the 1960s to the 1990s, punctuated by a 
sharp drop in the late 1970s and a pronounced decline throughout the 1990s. The 
majority of diatoms were positively associated with this trend and, in particular, the 
dominant diatoms of this region (Tha/assiosira spp., Chaetoceros spp). The second and 
third diatom principal components represented 9.5 % and 7.8 % of the variability 
respectively. Negatively associated with PCA2 were the more oceanic diatoms such asD. 
antarcticus, T. longissima and Bacteriastrum spp. The majority of diatoms were weakly 
or negatively correlated with the third principal component except for the less frequently 
sampled Rhizosolenia genus (e.g. R a/ata indica and R. alata inermis). 
6.2.5 Central oceanic 
Figure 44 shows the first three newly constructed principal component values for 
dinoflagellates and diatoms in the central oceanic area of the north-east Atlantic; 
Appendix 11 shows the resultant component loadings for each principal component. The 
first dinotlagellate principal component represented 35.2 % of the variability from the 
original data. The dominant trend remained fairly close to the mean except for high 
periods in the mid 1970s and mid 1980s, and low periods in the late 1970s and early 
1990s. This pattern was very similar to the central and British coastal North Sea. While 
all the dinotlagellates showed positive associations with this trend, the trend was 
characterised by the dominant dinotlagellates of this region (C. fusus, C. tripos, C. 
linea/urn and Protoperidinium spp.). The second principal component represented 14.3 
% of the variability and showed a stable trend punctuated by a sharp drop in the early 
1990s. Strong positive associations with this principal component included C. 
macroceros and 
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Figure 44: The first three dinoflagellate and diatom principal component values ( 1960-
1995) for the central oceanic region. Only species that were recorded at a frequency of 
above I% in CPR samples were used to construct the principal components. Thick line 
represents a three-year running mean. 
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Oxytoxum spp. The third principal component represented 12.7% of the variability and 
was associated with weak correlations with the majority of dinoflagellates. The two 
warm water Ceratium species (C. azoricum and C. hexacanthum) were negatively 
associated with this principal component. The first diatom principal component 
explained 29.8% of the variability and showed a similar trend to the other regions of the 
north-east Atlantic (i.e. a general decline from the 1960s to the 1990s with a sharp drop in 
the late 1970s). Positively associated with this trend were the dominant diatoms of this 
region such as the Chaetoceros spp. and N. delicatissima; the latter showed a sharp 
decline between the 1960s and 1990s. The second and third principal components 
represented I 0.4 % and 8.5 % of the variability respectively. The majority of diatoms 
were weakly or negatively associated with these principal component values. 
6. 2. 6 Southern oceanic 
Figure 45 shows the first three newly constructed principal component values for the 
diatoms and dinoflagellates in the southern oceanic area of the north-east Atlantic; 
Appendix 12 shows the resultant component loadings for each principal component. The 
first dinoflagellate principal component represented 35.9 % of the variability from the 
original data. The dominant trend remained fairly close to the mean except for high 
periods in the mid 1970s and mid 1980s, and a low period in the late 1970s to early 
1980s. This pattern was very similar to the central oceanic area and the central North Sea 
region except that the overall trend has had a progressive increase from the 1960s to the 
1990s. All the dinoflagellate assemblage showed positive associations with this trend 
particularly the dominant species (C. furca, C. tripos and Protoperidinium spp.). The 
second and third principal components explained 9.3 % and 8.5 % of the variability, 
respectively. The third principal component showed negative associations with the 
dominant dinoflagellates and positive associations with the more rarely sampled warm 
water Ceratium species (C. arietinum, C. gibberum and C. trichoceros). The first diatom 
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principal component represented 28.3 %of the variability and showed a generally stable 
trend from the 1960s to the 1990s except for the early 1980s when a dramatic drop was 
experienced. The drop in the diatom community during this period was a common 
phenomenon seen throughout the north-east Atlantic except the drop was experienced 
slightly later (early 1980s as opposed to the late 1970s) in this region. The majority of 
diatoms were positively associated with this trend and, in particular, the dominant 
diatoms of this region. The second and third principal components represented 11.8 % 
and 9.3 % of the variability respectively. Positively associated with PCA2 were the 
Rhizosolenia genus (except for R. stolterfothii). Positively associated with PCA3 were 
Thalassiosira spp. and R. alata inermis, whose populations have remained relatively 
stable throughout the time-series. 
6.3 North-east Atlantic phytoplankton trends 
Figure 46, summarising the dominant trends for dinotlagellates and diatoms in the north-
east Atlantic, shows that there has been a general increase in dinotlagellates from the 
1960s to the 1990s with a sharp drop in the late 1970s and early 1980s. The diatom 
assemblage, however, has shown a consistent decline from the 1960s to the early 1980s, 
with a subsequent increase to average levels. Comparing the two time-series, both 
diatoms and dinotlagellates showed similar declines in the late 1970s to early 1980s, 
followed by a subsequent recovery. In most cases, this decline was associated with a 
decrease in phytoplankton biomass (Chapter 4), a loss in diversity and a shift in 
community structure (Chapter 5). While this anomaly was equally prevalent in both the 
diatoms and dinotlagellates in the North Sea, diatoms were particularly associated with 
this decline in the oceanic areas of the north-east Atlantic. Overall, the decline was most 
apparent in the dinotlagellates and diatoms in the shallower waters of the southern 
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Figure 46: The first diatom and dinoflagellate principal component values for the whole 
north-east Atlantic (using the six regional areas). Annual means for the dinoflagellates 
and diatoms are shown (thin line) with a 3 year moving average (thick line). The bottom 
figure shows both the 3 year moving averages for diatoms and dinoflagellates to 
emphasise the similarity between the two trends. 
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continental North Sea. While all the regions of the north-east Atlantic showed a decline 
in abundance during the 1970s/early 1980s, the timing was not entirely synchronous. The 
anomaly appeared si ightly earlier in the offshore northern North Sea and later in the 
southern oceanic region, and was particularly prevalent in the diatom assemblage. 
Therefore, the timing of the anomaly was very much associated with the timing of the 
community shift and loss in diversity (Chapter 5) which appeared earlier in the northern 
North Sea (circa 1976) and later in the southern oceanic region (circa 1982). While all 
the regional areas showed similar patterns in their assemblage trends, it was the northern 
oceanic region which showed the most dramatic change and was the most dissimilar 
region compared to trends seen in the other areas of the north-east Atlantic. From the late 
1980s onwards, there has ·been a persistent decline in the abundance of both the 
dinoflagellates and diatoms in the northern oceanic region. The decline in the abundance 
of the phytoplankton was associated with a decline in the phytoplankton biomass 
(Chapter 4) and a loss in diversity (Chapter 5), and indicated that the phytoplankton of 
this region, in the last decadal period, was responding differently to the other regions of 
the north-east Atlantic. 
6. 3.1 The decline of diatoms in the north-east Atlantic 
The PCA results, and assemblage trends throughout the north-east Atlantic, were 
associated with changes in phytoplankton biomass and shifts in the community structure, 
however, there were no true shifts in the diatom/dinoflagellate ratios. While it is true to 
say that diatoms were more abundant in the 1960s and dinoflagellates were more 
abundant in the 1990s, overall, the two communities showed very similar abundance 
patterns. The late 1970s/early 1980s anomaly, however, was generally more prevalent 
amongst the diatom assemblage, particularly in the oceanic regions of the north-east 
Atlantic, which could indicate a winter/spring phenomenon. There is evidence from 
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Chapter 4 that the spring bloom was delayed, or values were very low during this period, 
which would have more implicit implicatic;ms for the diatom community. The general 
decline in the diatom assemblage from the 1960s to the 1990s was, however, more 
difficult to interpret. From the changes in species dominance, it was shown that, amongst 
the diatom assemblage, Chaetoceros spp. showed the most persistent decline. This was a 
common phenomenon seen throughout the north-east Atlantic regions. Generally, 
Chaetoceros spp. was the most frequently recorded diatom in the north-east Atlantic 
during the 1960s and, subsequently, showed its lowest frequencies in the 1990s. For 
example, Chaetoceros (Hyalochaete spp.) was the most frequently recorded diatom in the 
northern oceanic region (3 1.1 % in the 1960s), dropping to a frequency of 7 % in the 
early 1990s. Although it is difficult to explain this decline in the diatom assemblage, 
there has been a significant change in the seasonal patterns of at least the Chaetoceros 
spp. from their 1960s seasonal cycle to the 1990s seasonal cycle (data not shown). 
During the 1960s seasonal cycle, Chaetoceros spp. were not only found in high 
abundance during the spring bloom, but also showed a peak in abundance during the 
autumnal bloom. In the North Sea regions, Chaetoceros (Hyalochaete spp.) were 
abundant in the autumn for each year from 1960-1967, after which the autumnal outbreak 
virtually disappeared, except for 1973 and 1978. Although the mechanism behind this 
loss is unclear, the disappearance of the autumnal peak would certainly have had a 
profound effect on the annual means of Chaetoceros spp. 
6.3.2 The disappearance of C. macroceros in the southern North Sea 
From the PCA results, and changes in the frequencies of the most dominant species in the 
north-east Atlantic, the most dramatic change in the abundance of any phytoplankton 
species was that of C. macroceros. In some areas of the north-east Atlantic, C. 
macroceros was once the most frequently recorded dinotlagellate in the 1960s. However, 
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since the 1960s, C. macroceros has declined to the very low values recorded in the late 
1970s. In the offshore northern North Sea, the species has declined from 28.9% in 
frequency ( 1960-1965) to 5 % ( 1978-1983), and in the central North Sea, from 38.9 % 
( 1960-1965) to 6% ( 1978-1983). The decline was even more pronounced in the southern 
continental North Sea, where the frequency declined from 43.8 % ( 1960-1965) to 0.4 % 
( 1978-1983). Figure 4 7a shows the abundance of C. macroceros in the six regional areas 
of the north-east Atlantic. While the oceanic areas showed a small decline in C. 
macroceros in the late 1970s (early 1980s for the southern oceanic region), the decline 
was not on the same scale as that witnessed in the North Sea. Ceratiummacroceros was 
not found in 1980 in the offshore northern North Sea and disappeared for four years in the 
southern continental North Sea from 1978-1982 (see Fig. 47b). Robinson ( 1980) first 
noted the disappearance of C. macroceros in some areas of the North Sea. Since the 
species reappeared in the southern North Sea in 1982 it has appeared in very small 
numbers ever since. 
It is tempting to speculate that these trends indicate a pollution event because the change 
is very marked in the North Sea, particularly in the more polluted southern North Sea. 
However, in the North Sea, there is evidence to suggest that C. macroceros is a sub-
species of the oceanic variety (A. John, pers. comm.) and, therefore, may respond 
differently. Also, it cannot be pure coincidence that the majority of phytoplankton species 
also experienced a decline during this period. It seems likely that the same phenomenon 
that saw the decline of the phytoplankton abundance during the late 1970s was also 
responsible for the decline of C. macroceros. but on a much larger scale. A possible 
explanation for this is that C. macroceros is one of the last species to bloom in the natural 
seasonal succession of phytoplankton in the North Sea and usually peaks in abundance 
between August and October. The spring bloom was delayed in the North Sea during this 
period, with many species peaking in abundance much later than their normal seasonal 
peak (Chapter 4, Fig. 47c). For example, Chaetoceros (Hyalochaete spp.) was absent 
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Figure 47: (a) monthly contour plots for Ceratium macroceros for the six regional areas of 
the north-east Atlantic from 1960-1995. (b) The percent frequency of the occurrence of C 
macroceros in the southern North Sea from 1960-1995. Note the disappeance of C. 
macroceros for four years in the southern North Sea. (c) The difference between the long-
term seasonal cycle of phytoplankton colour ( 1960-1995, thick line) and the seasonal cycle 
of phytoplankton colour between 1978-1980 (thin line). Note the late development of the 
seasonal cycle between 1978-1980. 
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from the spring bloom in 1980 (normal seasonal peak March-April) and present in low 
numbers only in August. The knock on effect of species appearing much later in the 
seasonal cycle during the late 1970s could have eventually squeezed C. macroceros out 
of its normal temporal niche. However, this explanation does not explain why C. 
macroceros never quite fully recovered from this event in the southern North Sea whim 
the season returned to normal. Could it have lost its niche momentarily only to be 
replaced by another competitor? The reason why the population of C. macroceros was 
most affected in the southern continental North Sea may hint at a climatic phenomenon. 
The shallower waters of the North Sea (i.e. the southern North Sea) are particularly 
sensitive to changes in temperature caused by hydro-climatic events. The reason for this 
will be explained in more detail in the following chapter. 
6.3. 3 1989- the year of exceptional blooms? 
In this chapter, it has been shown that the changes in the abundances of diatoms and 
dinoflagellates can be related to changes in the phytoplankton biomass and large 
community shifts (Chapters 4 and 5). However, there is still one question that cannot be 
reasonably explained by the changes in the abundance of diatoms and dinoflagellates. 
Why is the exceptional peak in phytoplankton biomass in 1989 in the North Sea ( 1988 for 
the offshore northern North Sea) not reflected in the annual mean abundance of diatoms 
and dinoflagellates? lt is reasonable to assume that this peak in biomass was due to the 
microflagellate component of the phytoplankton community (i.e. those phytoplankton 
species that are not quantitatively counted by the CPR analysis). The CPR analysis only 
counts the larger diatoms and the armoured dinoflagellates retained by the CPR silk, so a 
sizeable part of the phytoplankton community is not counted (e.g. the small diatoms and 
naked flagellates) but are still reflected in the values of phytoplankton colour (biomass). 
It was quickly noted by early researchers (e.g. Yentsch & Ryther, 1959) that the cell 
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Figure 48: The seasonal cycle of some of the most commonly sampled phytoplankton in the 
southern North Sea during 1989 (grey bars) and the long-term seasonal cycle ( 1960-1995, black 
bars). Note that the seasonal cycle for 1989 is punctuated by a succession of short lived 
exceptional blooms and that some of the species peak in abundance 1-3 months earlier. 
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densities of net-sampled phytoplankton could not explain a sizeable percent of the total 
chlorophyll. Therefore, the high biomass values recorded in 1989 could simply be the 
result of a very high abundance of nannoplankton during that year, however, there is a 
possible alternative explanation. Although the peak in phytoplankton biomass in 1989 
was not reflected in the annual means of the dominant phytoplankton, the year was still 
an exceptional year in terms of the diatom and dinotlagellate assemblage. Figure 48 
shows the seasonal cycle of some of the most commonly sampled phytoplankton in the 
southern North Sea during 1989 compared to their average long-term seasonal cycle. 
What is apparent is that 1989 was punctuated by a succession of short-lived exceptional 
blooms. Many of the species have shorter seasonal cycles, hence, in some cases, have 
lower or average annual means, but have exceptional high numbers recorded in the space 
of one to two months. For example, the oceanic diatom T. longissima was present in 
exceptional numbers in February 1989 in the southern North Sea (Reid et al., 1992 first 
noted the presence of this indicator species in the North Sea during 1989). What is also 
apparent from Figure 48 is that many of the dinotlagellates peak in abundance up to one 
to three months earlier than that of their normal seasonal peak. For example, C. horridum 
usually shows a peak in August but, in 1989, the species peaked in May. It is possible 
that the cumulative effect of a succession of blooms throughout the year resulted in the 
very high annual mean of phytoplankton biomass recorded in 1989. Although the 
abundance of dinotlagellates, and the length of the seasonal cycle, returned to normal in 
the 1990s, it seems that the shift in the peak in abundance towards earlier in the season 
has persisted and hence the seasonal cycle also ends earlier (Fig. 49). Many of the 
zooplankton, particularly the merozooplankton (e.g. decapod and echinoderm larvae), 
have also shifted towards an earlier peak in the season (data not shown). The shift in the 
dinotlagellate seasonal cycle could also explain the shift in the phytoplankton biomass 
seasonal cycle, seen in the southern North Sea during the 1990s (Chapter 4). 
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Figure 49: The seasonal cycle of four commonly sampled dinoflagellates in the 
southern North Sea during the 1990s (thin line) and the long-term seasonal cycle 
(thick line). Note that while abundance is quite similar, the seasonal cycle is 
occurring much earlier and finishing earlier during the 1990s. 
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6.4 Principal research findings for Chapter 6 
• Diatoms have shown a persistent decline since the 1960s, while dinotlagellates have 
increased 
• Both diatoms and dinotlagellates showed a sharp decline in abundance in the late 
1970s/earlyl980s, with a Jag element similar to that described in Chapter 5 
• Overall the decline is most apparent in the shallower waters of the North Sea and is 
most prevalent amongst the diatom community, particularly in oceanic regions 
• From the late 1980s there has been a persistent decline in the abundance of both 
diatoms and dinotlagellates in the northern oceanic region, this decline is associated 
with a decline in phytoplankton biomass (Chapter 4) and diversity (Chapter 5) 
• The most noticeable change in diatom dominance was that of Chae/ocerus spp., 
which has shown a dramatic drop in dominance from 1960 to 1990. The decline is 
associated with a less prominent autumnal bloom 
• The most dramatic change in dinotlagellate dominance was that of Ceratium 
macrocerus which disappeared from the southern North Sea for 4 years in the late 
1970s, this as associated with a delay in the spring bloom forcing the species out of 
its normal temporal niche 
• The North Sea in 1989 was punctuated by a succession of exceptional blooms 
including oceanic species and blooms of up to 3 months earlier 
• There seems to have been a shift in dinotlagellates and components of the 
zooplankton towards an earlier seasonal cycle during the 1990s 
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Chapter 7 
Hydro-climatic variability in the 
north-east Atlantic 
This chapter explores the relationship between the long-term trends in 
phytoplankton and hydro-climatic variability in the north-east Atlantic. 
After a brief discussion on decadal changes in climate and global warming, 
natural modes of climate variability are explored. The dominant mode of 
climate variability in the north-east Atlantic (North Atlantic Oscillation) is 
discussed in relation to its influence on other environmental variables and 
its spatio-temporal influence in the north-east Atlantic. Long-term trends in 
the phytoplankton are discussed in relation to decadal trends in the North 
Atlantic Oscillation (NAO) index. Finally, this chapter explores the 
relationship between the phytoplankton of the north-east Atlantic and two 
exceptional hydrographic events that have occurred in the North Atlantic 
between 1960-1995. The first event, which occurred in the late 1970s/early 
1980s, is discussed in relation to the inter-annual shifts in the 
phytoplankton community and the decline in diatom and dinoflagellate 
abundance. The second event, which occurred in the late 1980s/early 
1990s, is discussed in relation to the large increase in phytoplankton 
biomass evident at this period. 
Aspects of this chapter are included in the following publications/reports: 
Edwards, M., Reid, P, C., & Planque, B. in press. Long-term and regional 
variability of phytoplankton biomass in the north-east Atlantic 
( 1960-1995). ICES Journal of Marine Science. 
Edwards, M., John, A.W.G., Hunt, H.G. & Lindley, J.A. 1999. 
Exceptional influx of oceanic species into the North Sea in Late 
1997. Journal of the Marine Biological Association of the United 
Kingdom, 79: 737-739. 
Edwards, M., & Reid, P.C. 1999. Large-scale spatio-temporal patterns in 
phytoplankton biomass ( 1960-1995): implications for the 
management of eutrophication in the southern North Sea. Report to 
the Department of the Environment, Transport and the Regions 
(DETR). Contract CW0839: l-72. 
Edwards, M., Planque, B. & Batten, S. D. 1998. Phytoplankton and 
climate variability. In. Abstacts from Challenger Society for Marine 
Science UK Oceanography 1998. University of Southampton, 
September 1998, 207. 
156 
Chapter 7: Hydro-climatic variability in the north-east 
Atlantic 
The previous three chapters have been concerned primarily with analysing and describing 
spatial and temporal patterns found in the phytoplankton of the north-east Atlantic 
between 1960-1995. Here, the focus is changed in an attempt to interpret some of the 
underlying patterns and discuss possible environmental mechanisms that may be forcing 
these changes. Evidence from Chapter 4 (describing long-term changes in phytoplankton 
biomass) showed that, particularly during the last decade, there have been considerable 
changes in the phytoplankton biomass in the north-east Atlantic, with a step-wise increase 
observed in the North Sea and the central oceanic area. While most areas have seen an 
increase in phytoplankton biomass during the last decade, the northern oceanic area has 
seen a decline. Examining the phytoplankton community trends from Chapter 5, it was 
shown that the most profound community shift occurred in the late 1970s/early 1980s, 
which was associated in some areas with a decline in phytoplankton biomass. Similarly, 
Chapter 6 showed that during the late 1970s/early 1980s, there was a decline in the 
abundance of diatoms and dinoflagellates. Chapter 6 also showed that while 
dinoflagellates were more dominant during the last decade, compared with diatoms that 
have been decreasing since the 1960s, the northern oceanic area has seen a pronounced 
decline in both diatoms and dinoflagellates. In summary, there seems to be some 
underlying patterns emerging amongst the phytoplankton community of the north-east 
Atlantic. While most regional areas of the north-east Atlantic have seen an increase in 
phytoplankton biomass and a similarity in their assemblage trends during the last decadal 
period, the northern oceanic areas appears to have had the opposite response. From the 
late 1980s onwards, there has been a persistent decline in phytoplankton biomass 
(Chapter 4), phytoplankton diversity (Chapter 5), and the abundance of diatoms and 
dinoflagellates (Chapter 6) in the northern oceanic region. Proposed environmental 
mechanisms behind these patterns will be the main focus of this chapter. 
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7.1 Decadal changes in climate 
While many external abiotic forces influence the long-term changes in phytoplankton 
production and community structure (e.g. nutrient availability and light), the dominant 
long-term force is thought to be atmospheric variability. The latter fluctuates from small 
to large-scales and influences the overall conditions of a given habitat and, in particular, 
the variability in temperature, wind, cloud-cover and precipitation. Because changes in 
temperature are perhaps the most obvious influence on the biology of marine organisms 
(e.g. affecting metabolic rates, seasonal succession and biogeography), its variability is a 
likely candidate for interpreting long-term changes in the marine environment. Wind and 
precipitation are, however, still of considerable importance when considering 
phytoplankton trends, as they determine to a certain degree the stability of the water 
column (discussed in Chapter 3). Other variables influencing long-term changes in the 
phytoplankton, such as nutrient availability and changes in oceanic currents, are discussed 
later in the chapter. 
The variability in temperature has increasingly become a focus in ecological literature 
because of possible human-induced changes in the form of global warming caused by the 
rise in greenhouse gas emissions (Houghton, 1995). Figure SO(a) shows the long-term 
time series of temperature anomalies from 1856 to 1998 in the Northern Hemisphere. It 
can be seen that during the last decade there has been a persistent increase in temperature, 
which seems to be increasing with time. However, the warming trend is not entirely 
uniform within the North Atlantic and shows distinct spatial responses. Figure SO(b) 
shows the annual global surface temperature anomaly for 1995 (one of the warmest years 
on record) from the difference between 1961-1990. The figure shows that while the 
European continental shelf area is showing an increase in temperature, a large proportion 
of the North Atlantic is decreasing in temperature (Fig. SOb). 
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Figure 50 : (a) Long-term time series of temperature anomalies from 1856 to 1998 in the northern 
hemisphere. (b) Annual global surface temperature 1995 from the difference from 1961-1990 
(anomaly plot). Data provided by the Hadley Centre for Climate Prediction and Research, 
Meteorological Office, London, U.K. 
159 
Some of the long-tenn trends in temperature, particularly over the last decade, have been 
attributed to global warming and the rise in greenhouse gas emissions. Reflecting this 
overall global rise in temperature are temperatures in western Europe and the European 
continental shelf seas. The trend of sea surface temperature (SST) in the North Sea has 
showed a general decline since the late 1970s to the mid 1980s, with an increase 
occurring in the late 1980s (see Chapter 5, Fig. 39) and temperatures above average 
throughout most of the 1990s. The anomalous low SST value in 1979, and the high value 
recorded in 1989, correspond to low phytoplankton colour in 1979 and high 
phytoplankton colour in 1989 in the North Sea (Chapter 4). An earlier appearance of 
egg-laying dates of birds in the British Isles (Crick et al., 1997) and an increase in the 
active growing season of some terrestrial plants in the Northern Hemisphere (Myneni et 
al., 1997) have been attributed to these wanning trends. 
Comparisons with the satellite-derived index of Northern Hemispheric terrestrial 
vegetation over the period 1981-1991 (Myneni et al., 1997) showed similar patterns to the 
phytoplankton colour described in Chapter 4. Over this period, the active growing season 
of terrestrial plants in northern latitudes has advanced by approximately eight days and 
shows an association with variations in the timing and amplitude of atmospheric C02 
(Myneni et al., 1997). The findings are consistent with the hypothesis that warmer 
temperatures, associated with rising C02, promote an increase in plant growth by 
expanding the active growing season. The studies of Crick et al. ( 1997) and Myneni et 
al. ( 1997) speculated that human-induced global wanning is responsible for these trends. 
However, some of these warming trends experienced in western Europe and the eastern 
North Atlantic, and the decreasing trend seen in the western North Atlantic, can be 
explained partly by a natural mode of climate variability called the North Atlantic 
Oscillation (NAO). In fact, linear regression analysis shows that a considerable portion 
of the climate fluctuations in air temperature and SST in the North Atlantic is directly 
160 
related to the NAO index (Hurrell, 1995; Seeker & Pauly, 1996; Fromentin & Planque, 
1996). 
7.2 The North Atlantic Oscillation 
In the North Atlantic, the dominant mode of atmospheric variability is the North Atlantic 
Oscillation (NAO) (Dickson & Turrell, 2000). The NAO index (a measure of the NAO's 
variability) is defined in terms of the magnitude of pressure contrast between the 
Icelandic low and the Azores high atmospheric pressure systems (Mann & Drinkwater, 
1994). When sea level pressure is below normal in Iceland, it is generally above normal 
in the Azores and vice-versa. Figure 51(a) shows the pressure difference between the 
Icelandic low pressure system and the Azores high pressure system (measured in Lisbon) 
that is used to construct the NAO index. The figure shows that when the NAO index is 
high (i.e. sea surface pressures above normal in the Azores coupled with an intense 
Icelandic low), the European continental shelf is dominated by a strong westerly wind 
pattern while the western North Atlantic is dominated by more northerly wind patterns 
(Fig.51 a). The alternative pattern (i.e. a negative NAO index) occurs when these 
anomaly-cells are approximately reversed (Dickson & Turrell, 2000) with the Icelandic 
sea surface pressures above normal. The increase in westerly winds over Western Europe 
when the NAO is positive is caused by a very strong pressure gradient between the two 
pressure systems (Icelandic low and Azores high). 
Figure 51 (b) shows the long-term variability of the NAO index from 1864-1997 (updated 
from Hurrell, 1995, pers. comm.). The index shows the difference between the 
normalised mean winter (December-March) sea level pressure anomalies at Lisbon and 
Iceland. The figure also shows the inter-annual fluctuations smoothed by a three-year 
running mean (Fig. 51 b). Over the region of the Icelandic low, seasonal pressures were 
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Figure 51 :(a) The sea level atmospheric pressure difference between the Icelandic low pressure system 
and the Azores high pressure system used to construct the North Atlantic Oscillation (NAO index). Icelandic 
low and Azores high in millibars and wind-stress field at a time when the NAO is positive. Modified from 
Mann & Drinkwater (1994). In high NAO index years a stronger wind component dominates Western 
Europe. (b) Long-term timeseries of winter NAO index from 1864-1997 (with three year running mean) 
showing a prolonged negative index in the 1960s and a prolonged positive index in the 1980s/early 
1990s. Date is updated from Hurrell's (1995) winter index. 
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anomalously low during winter from the turn of the century until approximately 1930 
(with the exception of the 1916-1919 winters), while the Azores pressures were higher 
than normal. Consequently, the wind pattern in the European continental shelf had a 
strong westerly wind component with higher than normal temperatures. From the early 
1940s until the early 1970s, the NAO index exhibited a downward trend with the period 
marked by European wintertime temperatures that were mainly below average (Moses et 
al., 1987). It is also clear from Figure 51 (b) that the 1960s experienced the most 
prolonged negative phase of the NAO index and that the late 1980s/early 1990s 
experienced the longest and most extreme positive phase (Dickson & Turrell, 2000) with 
a record high index recorded in the late 1980s. 
7.2.1 NAG impacts and macroecology 
When the NAO exhibits a strong positive phase, western Europe is dominated by a strong 
westerly air flow and, because this wind is warmer in origin (i.e. thermally heated by the 
ocean), western Europe tends to experience milder winter conditions (Hurrell, 1995). A 
negative NAO (i.e. low) index is usually associated with weaker westerly winds, allowing 
colder northerly winds to dominate over northern Europe. The NAO influence on SST 
and air temperature is particularly strong during the winter months when these pressure 
systems are most pronounced in amplitude and area! coverage, accounting for more than 
one-third of the total variance in sea-level pressure (Dickson & Turrell, 2000). lt is 
hardly surprising that the warming experienced during the last decade in western Europe 
has been particularly apparent in the form of milder winter conditions. The scale of 
influence of the NAO on long-term variation in winter conditions between 1935-1994 has 
been estimated at half of all the increase experienced in winter temperatures throughout 
the eastern Northern Hemisphere (Hurrell & van Loon, 1997). 
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In interpreting long-term changes in the plankton recorded by the CPR survey, Taylor & 
Stephens (1980), Colebrook (1986) and Aebischer et al. (1990) suspected a large-scale 
environmental causative agent. While Colebrook ( 1986) and Aebischer et al. ( 1990) 
suspected that the degree of westerly weather in the north-east Atlantic was responsible 
for changes in the plankton, Taylor & Stephens ( 1980) described an oceanographic 
phenomenon to explain changes in the zooplankton of the North Sea. Taylor & Stephens 
( 1980) found that these planktonic changes had occurred on a similar temporal scale to 
the changes in the position of the Gulf Stream. The displacement of the Gulf Stream wall 
(a measure of its most northerly extent in the western Atlantic) varies on an inter-annual 
to decadal scale. Tay for & Stephens ( 1980), Tay for et al. ( 1992) and Taylor ( 1995) found 
a relationship between both the total abundance of North Sea zooplankton and various 
individual taxa, and the position of the north wall of the Gulf Stream. Figure 52 shows 
cross-correlation plots between long-term timeseries of the strength of westerly wind and 
SST in the North Sea (ICES data, Harry Dooley, pers.comm.) and the position of the 
north wall of the Gulf Steam (Amold Taylor, pers.comm.) with the NAO index. It is 
clear that the environmental variables are correlated with the NAO index, with the north 
wall Gulf Stream index lagging behind variations in the NAO index by two years. This 
fag reflects how ocean circulation integrates wind-patterns over several years (A. Taylor, 
pers. comm.). It is apparent, therefore, that previous studies describing relationships 
between environmental variables (i.e. degree of westerly weather and the Gulf Stream 
index) and plankton, were controlled by the variability in the NAO index. The NAO 
index is a useful environmental indicator because it incorporates much of the variability 
found in SST, westerly wind strength and the movement of the north wall of the Gulf 
Stream. 
Recently, Fromentin & Planque (1996) identified a very strong relationship between the 
NAO index and one of the most abundant calanoid copepod species in the North Sea 
(Calanusfinmarchicus). Many other physical variables in the North Atlantic have also 
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Figure 52: Cross correlations between the North Atlantic Oscillation (NAO) and westerly wind 
strength and, SST and the northward movement of the Gulf Stream. Wind and SST (ICES data, 
Harry Dooley, pers. comm.), Gulf Stream data (A. Taylor, pers. cornm.). Westerly wind and SST 
are correlated with the NAO with a 0 lag, the northward movement of the Gulf Stream lags 
behind the NAO by two years. 
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been found to the NAO index. These responses include evaporation and precipitation 
rates (Hurrell, 1995), ocean circulation (McCartney et al., 1996; Reid et al., 1998), the 
distribution, prevalence and intensity of Atlantic storms (Rogers, 1997), the iceburg flux 
past Newfoundland (Drinkwater & Myers, 1997), Baltic winter ice cover (Turnberg & 
Nelson, 1998) and the deep water formation (involved in the Atlantic's thermohaline 
circulation) in the Greenland Sea (Dickson, 1997). Marine biological responses to the 
NAO index are also becoming increasingly more apparent. The effect on individual 
growth is evident in the stock of north-east Arctic cod (Gadus morhua) with warm years 
(positive NAO) favouring higher growth rates in this area (Michalsen et al., 1998) while 
the year-class strength of North and Irish Sea cod is inversely related to temperature and 
the NAO (Pianque & Fox, 1998). Fluctuations in European salmon stocks are now being 
interpreted by the effect on the marine environment by the NAO when the species is 
undergoing the marine phase of its life-cycle (Dickson & Turrell, 2000). Kroncke et al. 
( 1998) also found correlations between the NAO index and the abundance, spec1es 
number, and biomass ofmacrofaunal communities in the southern North Sea. 
7 2. 2 Regional and temporal variability of NA 0 impacts 
While a high positive NAO produces milder winter conditions for the European 
continental shelf, the response is not homogenous throughout the North Atlantic. It was 
seen in Figure 50(b) that the warming trend during the last decade was not uniform in the 
North Atlantic, with the north and west North Atlantic actually showing a negative 
temperature anomaly. Figure 53 shows Reynolds Sea Surface Temperature anomalies for 
the North Atlantic; anomalies are deviations from the long-term mean from 1968-1996. 
Four plots are illustrated showing that during the 1960s (when the NAO was negative) the 
western Atlantic was warmer than usual and the eastern Atlantic was colder than normal. 
During the late 1980s/early 1990s (when the NAO was positive}, the opposite response is 
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seen, with the western Atlantic cooler than normal and the eastern Atlantic warmer than 
usual. From the correlations between NAO and winter temperature, it can be seen that 
SST is negatively correlated with the NAO in the western Atlantic and the NAO is 
positively correlated with SST in the eastern Atlantic. An anomaly plot of SST during 
the late 1970s/early 1980s when the phytoplankton populations in the north-east Atlantic 
showed their most anomalous conditions is also shown in Figure 53. lt can be seen that 
during this period the SST in the north-east Atlantic was dramatically below the long-
term average. However, this phenomenon is not thought to be due to atmospheric 
variability but due to an oceanographic anomaly and will be discussed later in the chapter 
(section 7 .4.2). 
One of the reasons behind the spatial variability in cooling and warming in the North 
Atlantic is due to the wind patterns associated with the NAO. While a strong positive 
NAO index induces a warmer, stronger, westerly wind pattern in the eastern North 
Atlantic, the western Atlantic and, in particular, the Labrador Sea, is dominated by cooler 
north-westerlies. These chill north-westerlies reached a record post-war intensity in the 
1990s (Dickson & Turrell, 2000). Other reasons responsible for this cooling in the 
western Atlantic are thought to be oceanic in origin. The recent intensified formation of 
intermediate water in the Labrador Sea, from cooler and fresher source waters, has 
apparently been spreading rapidly eastward during the 1990s (Read & Gould, 1992; Sy et 
al., 1997; Reid et al., 1998). The resultant effect of cooler wind patterns, and the 
spreading of intermediate Labrador Sea water, is thought to have combined to produce a 
cooler and fresher sub-polar North Atlantic during the 1990s accounting for some of the 
spatial variability seen in theNAO's response. Blindheim et al. (1996) also reported a 
connection with the NAO and the length of the freshening trend seen in the Norwegian 
Sea during the last decade. Since the 1960s, and especially during the late 1980s/1990s, 
the Norwegian Sea has undergone a marked cooling and freshening of intermediate and 
upper-layer water. These changes have been attributed to an increased supply of 
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Figure 53 : Reconstructed Reynolds Sea Surface Temperature anomalies (2-degree gridded data) for 
the North Atlantic. Anomalies are deviations from the long-term mean temperature in the North 
Atlantic from 1968-1996. Four plots have been constructed showing the SST anomalies in the 
1960s (low NAO index), late 1970s/early 1980s, late 1980s/early 1990s (high NAO index) and the 
correlation between SST and the NAO index. Note when the NAO index is high Western Europe 
has positive temperature anomalies and when the NAO index is low Western Europe has negative 
temperature anomalies. The opposite response is seen in the northern and western North Atlantic. 
Reconstructed Reynolds SST data provided by the National Oceanographic and Atmospheric 
Administration, Climate Diagnostics Centre, Colorado, USA 
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freshwater transported by the East Icelandic current and a cooler, more retarded flow 
from the North Atlantic current (Biindheimet al., 1996; Reid et al., 1998). As a result, 
both the surface salinity and temperature were at a lower level in the 1990s in the 
Norwegian Sea than that observed during the Great Salinity Anomaly (Biindheim et al., 
1996). The Great Salinity Anomaly is discussed in section 7.4.2. Turrell ( 1998) showed 
that, while the oceanic/coastal water entering the North Sea through the Fair Isle passage 
is warming and becoming more saline during the 1990s, the water masses further offshore 
(north and west of the Scottish mainland) are cooling and becoming less saline. 
It is also worth noting that, on a smaller-scale, the relationship between the NAO and 
other environmental variables is also regionally very variable. In the North Sea, the 
strongest relationship between SST and the NAO is found in areas where local air-sea 
exchanges are strongest (e.g. the shallower parts of the southern North Sea) and weakest 
at the northern and southern entrances of the North Sea where oceanic advection is 
strongest (Seeker & Pauly, 1996). Also, whilst there is a relationship between SST and 
the NAO in the North Sea, further south along the western coast of the Iberian Peninsula, 
there is little or no relationship between SST and the NAO (8. Planque, pers.comm.). 
Similarly, the relationship between levels of precipitation in western Europe and the NAO 
is also highly variable with strong positive relationships found in northern areas (e.g. 
north Scotland and Scandinavia), and low or negative associations in southern England 
and the southern North Sea (Dickson & Turrell, 2000). 
It is now known that a large part of the warming trend observed over the last decade in 
the Northern Hemisphere can be attributed to the NAO's spatia-temporal variability. 
However, the long-term multi-decadal behaviour of the NAO seems to be amplifying 
with time. The largest low-frequency change on record (from Hurrell's NAO time series 
1864-1997) of the NAO index occurred from the low index 1960s to the high index 
1990s. Thus, the 1960s experienced the most prolonged negative phase of the index, and 
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the late 1980s/early 1990s experienced the longest and most extreme positive phase 
(Dickson & Turrell, 2000). While it is not yet known why the multi-decadal signal of the 
NAO appears to be amplifying with time, it has been suggested that, if the greenhouse 
effect does manifest itself, it will have to do so through existing climate patterns (Morton, 
1998). 
7.3 Phytoplankton and climate variability 
There has been a considerable increase in phytoplankton colour over the last decade in 
certain areas of the north-east Atlantic and North Sea (Chapter 4). Particularly high 
stepwise increases were seen after the m id-1980s in the North Sea and region 5 (central 
oceanic area) between 52° N and 58° N (Reid et al., 1998). An inverse pattern of change 
(decreasing trend) in phytoplankton colour was seen in region 4 (northern oceanic area). 
The abundance of both diatoms and dinoflagellates, as well as phytoplankton species 
numbers, has also drastically declined in the northern oceanic area during this period 
(Chapters 5 and 6). As discussed above, over the same period of time, there have been 
large-scale changes in the spatia-temporal patterns of sea surface temperature (SST) in 
the north-east Atlantic. 
As a companson to the spatia-temporal changes in both phytoplankton colour and 
temperature, Figure 54 shows anomaly plots of phytoplankton colour and SST over the 
same period. Figure 54(a) shows the difference in SST in the north-east Atlantic 
averaged between 1981 to 1987 (negative NAO years) and averaged between 1988 to 
1995 (positive NAO years). Reynolds SST data were provided by the National 
Oceanographic and Atmospheric Administration (Climate Diagnostics Centre, Colorado). 
The SST anomaly plot shows that, while temperature has increased significantly in some 
areas (particularly the southern and central North Sea), the northern oceanic area has 
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Figure 54: (a) The difference in Sea Surface Temperature (SST) in the northeast Atlantic 
between 1981 to 1987 (low NAO index) and 1988 to 1995 (high NAO index 
years).Reconstructed Reynolds SST data provided by the National Oceanographic and 
Atmospheric Administration, Climate Diagnostics Centre, Colorado. (b) The difference in 
change between pbytoplankton colour in the northeast Atlantic between 1981 to 1987 and 
from 1988 to 1 995. Phytoplankton colour based on temporally-partitioned gridded 
estimates, highlighting the areas that are increasing and decreasing and the spatial similarity 
between SST and phytoplankton colour. Decrease (< -0.2), no change (-0.19- 0.19), 
increase(> 0.2). 
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decreased in temperature. The recent decrease in temperature in this area is confirmed by 
studies by Blindheim et al. (1996) and Turrell (1998). Figure 54(b) shows the 
comparative difference in change between phytoplankton colour in the north-east Atlantic 
between 1981 to 1987 and from 1988 to 1995. Phytoplankton colour, based on 
temporally-partitioned gridded estimates (methodology described in Chapter 2), 
highlights areas that have been increasing and decreasing over the last decadal period. 
The spatio-temporal patterns between phytoplankton colour and SST show quite strong 
similarities, especially highlighting the northern oceanic area where phytoplankton colour 
and SST have both decreased during the last decadal period (Edwards et al., 1999). 
Phytoplankton colour, however, seems to be increasing, particularly along the latitudinal 
band between 52° Nand 58° N. 
7. 3.1 Spatial and temporal responses to climate variability 
As discussed earlier in this chapter, much of the spatio-temporal variability in SST can be 
explained by trends in the NAO index. While SST and NAO show a positive correlation 
in the North Sea, the opposite response is seen in the northern oceanic area (region 4) 
where SST and the NAO show a negative correlation. Figure 55( a) shows the long-term 
time series (three-year running means) of the NAO index, SST, phytoplankton colour, 
dinotlagellate principal component 1, diatom principal component I (from Chapter 6), 
total decapod abundance, total fish larvae abundance and total copepod abundance (from 
Chapter 5) from 1960-1995 in the North Sea. The similarity between the long-term 
trends is quite apparent with an upward trend seen by most variables during the last 
decadal period and the downward trend in the late 1970s/early 1980s. Components of the 
zooplankton are shown as a reference for trends shown by other trophic levels (annual 
means originally shown in Chapter 5). lt is likely, therefore, that the marine environment 
is responding to bottom-up control mechanisms, with long-term trends in climate and 
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Figure 55: (a) Long-term time series (three year running means) of the NAO index, sea surface 
temperature (SST), phytoplankton colour, dinoflagellate PC I , total decapod abundance, total fish 
larvae abundance, total copopod abundance and diatom PC I for the North Sea from 1960-1 995. 
Components of the zooplankton are shown as a reference to other trophic levels (annual means 
originally shown in Chapter 5). Note the upward trend during the last decadal period seen by 
most variables and the downward trend in the late 1970s/early 1980s. (b) Long-term time series 
(three year running means) of phytoplankton colour, dinoflagellate PC I and diatom PC I for the 
northern oceanic region from 1960-1995. Note the opposite trend (decline during the last 
decadal period) seen in the northern oceanic region. Three-year moving averages were used to 
accentuate the long-term trend. All data was standardised to zero mean and unit variance. The 
horizontal lines represent the zero mean and the trend line represents deviations (+and -) from 
the long-term mean ( 1960-1995) . 
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oceanography forcing changes in the abundance of phytoplankton which, in turn, is 
passed up through the various trophic levels. These results show similarities between 
work described by Aebischer et al. ( 1990) who found parallel trends across four marine 
trophic levels, including trends in herring abundance and the breeding biology of 
kittiwake (a pelagic sea bird) populations on the north-east coast of England. 
Figure SS(a) shows an almost linear rise in the NAO index from the 1960s to the 1990s, 
however, the decline that is apparent in SST, and the abundance of most plankton taxa, in 
the late 1970s/early 1980s is not seen in the NAO index. One interpretation of this 
response is that the late 1970s/early 1980s decline was not induced by atmospheric 
variability, but by a large-scale oceanographic anomaly. This oceanographic anomaly, 
and others like it, are discussed under section 7.4. What· is also apparent from Figure 
SS(a) is the close resemblance between the trends in diatoms and copepods. Both groups 
have declined since the 1960s, to a minima seen in the late 1970s/early 1980s, since then 
they have recovered somewhat but have not seen the rapid rise to above average levels 
apparent in the other plankton trends and benthic trends (see Kroncke et al., 1998). This 
may hint at a possible shift in production from the pelagic to the benthos. Figure SS(b) 
shows the opposite trend in the northern oceanic area, where all the components of the 
phytoplankton (phytoplankton colour, dinoflagellate PC I, and diatom PC I) have declined 
rapidly during the last decadal period. This rapid decline is associated with the 
freshening and cooling of this region during the last decade described by Read & Gould 
( 1992) Blindheim et al. ( 1996); Re id et al. ( 1998) and Turrell ( 1998) and is associated 
with trends in the NAO index. 
The statistical relationship between the phytoplankton components and climate variability 
(represented by the NAO index and SST) is shown is Figure 56 and Table 7.1. Figure 
56(a) shows the MDS ordination between the phytoplankton community in the southern 
North Sea (described in Chapter 5) between 1960-1995 with SST superimposed on the 
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Figure 56: (a) MDS ordination of the phytoplankton community between 1960-1995 with sea surface 
temperature superimposed on the plot (small circles = low temperature, large circles = high temperature). 
Altl":ough no significant correlations were found between the community structure and environmental data 
there is a clear distinction between the late 1970s/early 1980s and late 1980s/early 1990s community based 
on temperature. (b) Scatter plots of phytoplankton and environmental variables with linear regression lines 
superimposed on plots. 
Table 7.1: (a) Pearson correlation coefficients between long-term series (1960-1995) of the NAO index, sea 
surface temperature, phytoplankton colour, dinoflagellate PC I and diatom PC I for the North Sea. (b) 
Pearson correlation coefficients between long-term series ( 1960-1995) of the NAO index, phytoplankton 
colour, dinoflagellate PC I and Diatom PC I for the northern oceanic area. • correlations significant at the 
5% level when adjusting the significant levels to take into account autocorrelation. Correlations between 
the NAO index and phytoplankton colour for all areas range between 0.36-0.47 except for the northern 
oceanic area. The strongest correlation between phytoplankon and an environmental variable was between 
SST and phytoplankton colour in the southern North Sea (+0.56). 
(a) NAO index SST Colour index Dino. PC1 Dia. PC1 
NAO index 0.67* 0.44* 0.45* -0.17 
SST 0.47* 0.32* 0.05 
Colour index 0.67* -0.05 
Dino. PC1 0.13 
Dia. PC1 
(b) NAO index Colour (NO) Dino PC1 (NO) Dia. PC1 (NO) 
NAO index 0.06 -0.3 -0.28 
Colour (NO) 0.51* 0.38* 
Dino. PC1 (NO) 0.67* 
Dia. PC1 (NO) 
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plot. Although there is a clear distinction between the community in the late 1970s/early 
1980s and the late 1980s/early 1990s based on temperature, it was found that there were 
no significant statistical relationships between the phytoplankton community structure 
and atmospheric variability. Figure 56(b) shows scatter plots of the phytoplankton 
components and the environmental variables for the North Sea between 1960-1995 with 
linear regression lines superimposed on the plots. The resultant Pearson correlation 
coefficients between the NAO index, SST, phytoplankton colour, dinotlagellate PC I, 
diatom PCI for the North Sea are shown in Table 7.1(a). While phytoplankton colour 
and dinotlagellate abundance was statistically correlated with the NAO index and SST, 
diatom abundance showed no correlation with SST but a negative association with the 
NAO index. Significant levels have been adjusted to take into account autocorrelations in 
the time series. While only the results for the North Sea are shown, all other areas 
(excluding the northern oceanic area) show a significant positive relationship between the 
NAO index and phytoplankton colour, although not that strong (0.36-0.47). The 
strongest correlation found between phytoplankton and an environmental variable was 
between SST and phytoplankton colour (+0.56) in the southern continental North Sea 
(region 3). Table 7.1(b) shows the correlation between the NAO index and 
phytoplankton colour, dinotlagellate PC I and diatom PC I in the northern oceanic region 
(region 4). Here we see an opposite response to those seen in the North Sea. No 
correlation between the NAO and phytoplankton colour is found and a negative 
correlation is found between the NAO and dinotlagellate PC I and diatom PC I in the 
northern oceanic area. Unlike the North Sea, the trends in the three phytoplankton 
components are significantly correlated to each other, perhaps reflecting their equally 
dramatic decline seen during the last decadal period. 
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7. 3. 2 Climate/ecological mechanisms 
In summary, climate variability, governed principally by the NAO index and reflected in 
the long-term spatio-temporal patterns in SST, show similar spatio-temporal patterns to 
phytoplankton trends in the north-east Atlantic. Comparisons with the satellite-derived 
index of Northern Hemispheric terrestrial vegetation over the period 1981-1991 (Myneni 
el al., 1997) showed similar patterns to the phytoplankton colour described in Chapter 4. 
Over this period, the active growing season of terrestrial plants in northern latitudes has 
advanced by approximately eight days (Myneni et al., 1997), particularly in Northern 
Europe (Menzel & Fabian, 1999). Similarly, the effect of temperature increases in winter 
and spring over the last decade have been used to interpret why migrating bird species are 
arriving earlier in Scotland (Jenkins & Watson, 2000) and the earlier appearance of egg-
laying dates of birds in the British Isles (Crick et al., 1997). From results presented in 
Chapter 4, which contrasted the mean seasonal cycle of phytoplankton colour between 
two periods ( 1960-1995) and ( 1990-1995) for the six regions of the north-east Atlantic 
(Fig. 26), it did not appear that there had been an increase in the active growing season of 
phytoplankton over the last few years. For the North Sea areas and the central and 
southern oceanic areas, the seasonal values for the period 1990-1995 were above average 
for all the months compared with the long-term mean seasonal cycle, but the duration and 
timing (including the timing of the spring bloom) has generally remained the same. lt is 
also unlikely that the temporal resolution of CPR data (one month) would be able to 
detect any changes in the timing of the spring bloom on the scale that was reported by 
Myneni et al. ( 1997) and Menzel & Fabian ( 1999). lt is also highly unlikely that an 
increase in the seasonal duration by just over a week could account for an increase in the 
phytoplankton colour by 3 to 4 standard deviations or an increase of95 %above the long-
term mean ( 1989 values). However, Weyhenmeyer et al. ( 1999) have detected a change 
in the timing of the spring bloom in freshwater phytoplankton in south-eastern Sweden of 
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up to one month earlier during the 1990s compared with 45 years ago. Their results 
showed a strong correlation in the timing of the spring bloom and the NAO index. 
However, this was related to the timing of the ice-cover break-up on the lake (affecting 
light intensity) and is probably reflecting a temperature mediated response driven by the 
NAO. 
Fromentin & Planque ( 1996) suggested that the increase in westerly winds (high NAO 
index) may have caused a delay in the spring bloom in the North Sea during the last 
decade causing the population of the calanoid copepod Calanus finmarchicus to decline. 
There is, however, no evidence for this in the phytoplankton data and it is also highly 
unlikely that a delay in the spring bloom would lead to higher annual phytoplankton 
colour values recorded in the North Sea during this period. The decline in the abundance 
of C. finmarchicus is more likely to be another temperature-mediated response causing 
changes in its biogeography (C. finmarchicus is a cold-boreal species). However, results 
from Chapter 4 (Fig. 26) do show that the seasonal cycle in the 1990s in region 4 
(northern oceanic area) was substantially shorter than the long-term mean. The spring 
bloom in region 4 area was also delayed by one month, perhaps substantially contributing 
to the low annual phytoplankton colour values recorded during the last decade. This 
helps explain why there was a decline in both the diatom and dinotlagellate abundance in 
this region. lt is not clear if the delay in the spring bloom was caused by the freshening 
and cooling of this region over the last decade (Read & Gould, 1992; Blindheim et al., 
1996; Reid et al., 1998; Turrell, 1998) or that some other variable was responsible for this 
change (e.g. wind speed or direction). Rogers ( 1997) noted that a strong positive NAO 
(late 1980s/early 1990s) increased the incidence and intensity of deep winter storms 
particularly in Norwegian-Greenland Seas. This increase may have had an influence in 
delaying stratification and hence the timing of the spring bloom. 
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While an increase in temperature directly influences biogeography and metabolic rates of 
organisms, it can also force the marine environment .indirectly by changing stratification 
rates. An earlier stratification of the water-column may lead, in some instances, to an 
earlier spring bloom, however, as discussed above there is no evidence of an earlier 
spnng bloom in the North Sea during the last decade. Nevertheless, an earlier 
stratification or its intensity may lead to a change in the phytoplankton community. 
There is certainly evidence (presented in Chapter 6) that dinoflagellates appeared earlier 
in the 1990s and that they were more abundant in the 1990s than in the 1960s. It is 
somewhat perplexing that this pattern is particularly evident in the southern North Sea 
which is supposedly a region that does not seasonally thermally stratify (see Chapter 3). 
Although the dinoflagellate peak in abundance shifted to earlier in the season during the 
1990s, its seasonal cycle did not expand, hence the seasonal cycle also ending earlier. 
Interestingly, this same pattern was seen in the seasonal evolution of temperature in the 
North Sea during the 1990s. The warming trend is particularly evident in winter and 
early spring, yet, autumn temperatures have tended to be around the mean and sometimes 
actually below the long-term average (ICES SST data, not shown). Long-term trends in 
the intensity of stratification do not show an increase in the 1990s (Beth Scott, Marine 
Laboratory, Aberdeen, pers. comm.). Increased precipitation rates, leading to increased 
run-off and nutrient input into coastal systems, are also unlikely to be an important cause 
in the increase of phytoplankton in the North Sea because the same increase is seen in the 
central oceanic area. 
lt is clear from the results presented here that decadal variability (particularly SST, 
precipitation and wind-speed/ direction) in the north-east Atlantic is controlled mainly by 
atmospheric forcing in the North Atlantic. However, the oceanic response to atmospheric 
variability is not passive. Recent research has shown that long-term (multi-decadal) 
cycles in the NAO are modulated by oceanic SST signatures which circulate around the 
Atlantic gyres and ultimately through the Atlantic's thermohaline circulation system 
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(Rodwell et al., 1999). The different patterns seen in the phytop1ankton in different 
regional areas are most likely a reflection of opposing responses to wind mixing, SST and 
other hydro-climatic parameters influenced by trends in the NAO, which in turn is 
modulated on much longer wavelengths by oceanic circulation. The mechanisms 
involved are poorly understood and require further investigation. While there is 
regionally a moderate (but significant) correlation with the NAO and phytoplankton 
found in this study, the causes of this phytoplankton-climate link remains unclear. For 
example, why would the increase in SST, apart from altering physiological rates, lead to 
an increase in phytoplankton biomass? In describing the relationship between the NAO 
and an increase in benthic biomass in the southern North Sea, Kroncke et al. ( 1998) found 
a distinct shift in the benthic community. These authors saw this increase as a 
combination of both mild winter conditions caused by trends in the NAO and 
eutrophication effects. However, there is no strong evidence for a similar community 
shift amongst the phytoplankton or any significant changes in biogeography. Also, the 
increase in phytoplankton colour in winter in the North Sea, although seasonally the most 
pronounced change, is not significant enough to account for the high annual means 
observed (see Table 7.2). A similar predicament was found by other researchers 
investigation the link between the NAO and marine phytoplankton. The long-term (1985-
1996) changes in phytoplankton biomass (measured as chlorophyll a), and the abundance 
of three toxic dinoflagellates (Dinophysis spp.) at a station in the eastern Skagerrak, were 
significantly correlated with the NAO (Lindahl et al., 1998; Belgrano et al., 1999). 
However, the researchers could not find any plausible, underlying mechanisms to explain 
these correlations. Similarly, a mechanism was lacking in explaining the correlation 
between the NAO and changes in the community composition of benthic foraminiferans 
found in the same area (Nordberg et al., 2000). Other external forces that may explain 
some of the trends in the phytoplankton of the north-east Atlantic and in particular the 
anomalous conditions of the late 1970s/early 1980s (most evident in the community 
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changes, Chapter 5) and the late 1980s/early 1990s (most evident in biomass changes, 
Chapter 4) are now explored. 
Table 7.2: (a) the percent contribution of winter phytoplankton colour to the overall annual mean 
in a particular decade. (b) the percent seasonal change (+I-) from the overall long-term mean for 
the particular season. While the most pronounced change in phytoplankton colour occurred in the 
winter during the 1990s representing a 97 % increase, the contribution of winter values to the 
overall annual mean was 16%. 
(a) Winter 
Percent winter contribution to 
annual mean 
1960s 10.13 
1970s 9.17 
1980s 11.09 
1990s [.: __ 1§!§£] 
(b) Winter Spring Summer Autumn 
Percent seasonal change (+/-) 
from overall long-temn mean 
1960s -22.39 -3.77 -23.28 -1.32 
1970s -37.53 -9.08 -23.86 -20.6 
1980s +1.49 -1.66 +9.29 +14.51 
1990s Q]DD +24.18 +63.09 +12.34 
7.4 Episodic hydographic anomalies in the North Atlantic 
The previous sections in this chapter were concerned primarily with how phytoplankton 
was responding to slow decadal oscillations in climate of the North Atlantic. However, 
some of the more dramatic changes in the phytoplankton could not be explained by the 
dominant trends in climate variability. In particular, the exceptional phytoplankton 
events that occurred in the late 1970s/early 1980s and the late 1980s/early 1990s could 
not be explained fully by trends in the North Atlantic Oscillation index. While the 
relationship between climate variability (principally governed by the NAO index) and the 
hydrography of the North Atlantic, including their interrelationships (i.e. feedback 
mechanisms), is not understood, there has been documented oceanographic anomalies 
that have occurred in the north-east Atlantic over the last century. In the following 
sections these anomalies are referred to as episodic hydrographic events. Here, the 
relationship between the long-term changes in phytoplankton in the north-east Atlantic, 
and two oceanographic events that occurred in the late 1970s/early 1980s and late 
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1980s/early 1990s, are discussed. While the late 1980s/early 1990s event was 
particularly prevalent in the North Sea phytoplankton, the late 1970s/early 1980s event 
was reflected uniquely by all six areas of the north-east Atlantic. While many researchers 
noticed an abrupt change in the North Sea ecosystem in the late 1970s (from single point 
station data), they did not suspect a wider-scale impact (Evans & Edwards, 1993; 
Josefson et al., 1993; Lindeboom et al., 1995; Greve et al., 1996; Kroncke et al., 1998). 
As a consequence of this, some researchers have suspected an eutrophication effect rather 
than a pan North Atlantic hydrographic change. The first anomaly (late 1970s/early 
1980s) was associated with a decrease in temperature and salinity, while the second 
anomaly (late 1980s/early 1990s) was associated with an increase in temperature and 
salinity. 
7. 4.1 The late 1970s/early 1980s event 
lt was shown earlier in the chapter that slow oscillations in climate variability in the 
north-east Atlantic had a distinctly regional response, however, the late 1970s/early 1980s 
event was reflected by all six regional areas of the north-east Atlantic. This broad 
response suggests that something exceptional occurred in the north-east Atlantic at this 
time, being so rare or episodic to have occurred only once in the last forty years and 
spatially extensive to have a pan north-east Atlantic impact. Evidence from Chapter 4 
(see also Fig. 47c) suggests that during this period (particularly for North Sea regions) the 
spring bloom was delayed and that many of the intermediate and abundant spring diatom 
species in the North Sea did not occur (see Table 5.4). For all three regions of the North 
Sea, the late 1970s was associated with a decline in phytoplankton biomass, possibly as a 
result of the delay in the spring bloom and hence a shorter seasonal growth period and 
lower annual means. Evidence from Chapter 5 suggests that this period was the most 
substantial in terms of a shift in phytoplankton community structure, which was 
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associated with a decline in species diversity (see Table 5.3). Some early spring diatoms 
that did not occur during this period would have contributed to the low diversity values. 
Evidence from Chapter 6 shows that during this same period, the abundance of the most 
dominant diatoms and dinotlagellates was also at some of their lowest values. While the 
decline is equally prevalent amongst the diatom and dinotlagellate community in the 
North Sea regions, the pattern was seen most distinctly amongst the diatom community in 
the oceanic areas. Of the six regions of the north-east Atlantic, the southern North Sea 
region saw the most pronounced decline in the abundance of the most dominant 
phytoplankton species with one of the most frequently recorded species (Ceratium 
macroceros) disappearing for four years during this event. While the shift in community 
structure, the loss in diversity and the decline in abundance of the phytoplankton species 
was of a comparable scale and common to all regions of the north-east Atlantic, the 
timing of the event was not entirely synchronous. The most" exceptional years, in terms of 
community shifts, diversity and phytoplankton abundance, occurred in 1976 in the 
offshore northern North Sea; 1978-1979 in the central North Sea; 1979 in the southern 
North Sea; 1978-1979 in the northern oceanic region; 1978-1979 in the central oceanic 
region; and 1981-1982 in the southern oceanic region. The timing of the event, therefore, 
occurred earlier in the offshore northern North Sea (circa 1976) and later in the southern 
oceanic region (circa 1982). This suggests that an oceanic phenomenon was responsible 
for the observed changes in the phytoplankton seen in the late 1970s/early 1980s as 
opposed to climate variability because a Jag in the timing of the event was present. For 
example, exceptional changes in the North Atlantic circulation, or an unusual water mass 
carried by the predominant currents of the North Atlantic, would have a Jag period 
between one regional area and another. A possible mechanism for the observed changes 
in the phytoplankton of the north-east Atlantic could be due to the 'Great Salinity 
Anomaly' (Dickson et al., 1988). This event has been well documented by 
oceanographers in the North Atlantic and is probably the most exceptional hydrographic 
event to have occurred in the North Atlantic this century along with a similar anomaly in 
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1910 (Belkin et al., 1998). The Great Salinity Anomaly is also associated with a Jag 
which may explain the Jag in the timing seen in the six regional areas of the north-east 
Atlantic. 
7. 4. 2 The Great Salinity Anomaly 
The Great Salinity Anomaly (GSA) was an oceanic anomaly observed in the North 
Atlantic from 1968-1982. It is known as the GSA because it is associated with a minima 
in salinity (and temperature) observed by various ocean weather ships and time-series 
around the North Atlantic during this period. The anomaly was first observed north-east 
of Iceland in 1965-1971, then in 1969-1970 in the West Greenland Current, in 1971-1972 
near Labrador and Newfoundland, in the Rockall Channel in 1975, in 1976 in the Faroe-
Shetland Channel and south of Iceland, in 1977-78 in the Norwegian Sea, in 1978-1979 
south of Spitsbergen, and eventually back to the Greenland and Iceland Seas in 1981-
1983 (Belkin et. al., 1998). While a number of theories have been proposed to explain 
this event (e.g. Dooley el al., 1984; Hansen & Kristiansen, 1994), the advective theory by 
Dickson et al. ( 1988) is the most widely accepted and the most commonly cited in marine 
science literature. Essentially, Dickson et al. ( 1988) suggested that a pulse of cold, low 
salinity water was originally formed in the mid to late 1960s in the East Greenland Sea 
(caused by enhanced ice transport into the Arctic Basin) and proceeded to circulate 
around the North Atlantic's sub-polar gyre reaching the west of the British Isles in 1975, 
thereby, explaining neatly the Jag in timing of the anomaly in different regions of the 
North Atlantic. Figure 57 shows the proposed transit dates of the GSA following the sub-
polar advective theory documented by Dickson et al. ( 1988). Notice that the 
phytoplankton biomass minima in the North Sea (see Chapter 4 for annual means) follow 
closely the proposed transit dates of the GSA (offshore northern North Sea, minimum 
phytoplankton colour 1976, transit of salinity anomaly 1976-1977; central and British 
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Figure 57: (top figure) the main circulation pattern of the North Atlantic highlighting the 
sub-polar gyre (McCartney, et al., 1996). (bottom figure) the proposed transit dates of the 
Great Salinity Anomaly ofthe 1970s following the sub-polar gyre circulation ofthe North 
Atlantic (Bel kin et al., 1998). 
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coastal North Sea, mm1mum phytoplankton colour 1977, transit of salinity anomaly· 
1977-78; southern continental North Sea, minimum phytoplankton colour 1979, transit of 
salinity anomaly 1979). While this theory works for the North Sea regions, it does not 
explain the phytoplankton trends for the oceanic regions of the north-east Atlantic which 
should have occurred much earlier. It is worth noting that although the salinity anomaly 
was at a minimum in 1976 in the Rockall Channel, the salinities did not recover to normal 
until the early 1980s (Rockall Channel salinity anomaly of 1974-1982, Belkin et al., 
1998). 
There is physical evidence to suggest that the period from 1975 to 1980 was anomalous in 
the North Sea and was characterised by reduced temperatures and salinities (Turrell et al.. 
1992). The years 1977 and 1979 had some of the coldest winters of the last fifty years 
(Becker & Pauly, 1996) and were particularly harsh in the southern North Sea (Fig. 58). 
lt was also suggested by Turrell et al. ( 1992) that the salinity anomaly experienced in the 
North Sea in the late 1970s coincided with a reduced inflow of warm Atlantic water 
(derived from the Shelf Edge Current and North Atlantic Drift) into the North Sea .. A 
reduced inflow of Atlantic water into the North Sea would also decrease significantly the 
concentration of nutrients entering the North Sea from oceanic sources. Although the 
passage of the GSA in many ocean weather ships and time-series for the North Atlantic, 
for example, the Fair lsle-Munken salinity time-series (Fig. 59b), is clearly visible, its 
passage into the North Sea is almost impossible to distinguish (from ICES salinity data 
provided by Harry Dooley, pers. comm.). In the North Sea, the salinity signal was 
possibly dissipated due to local salinity variations. However, recent published research 
from Norway clearly shows a negative salinity anomaly entering at depth along the 
Norwegian trench in 1976 (Aure et al., 1999), the time of an abrupt change in the 
phytoplankton of the offshore northern North Sea (see Chapters 4, 5 and 6). The salinity 
and temperature signal was much stronger in this area than in the north-western North 
Sea, suggesting that the main signal was brought into the North Sea via the Norwegian 
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Figure 58: Monthly sea surface temperature anomalies for the North Sea for 1979. Anomaly maps 
produced from the average sea surface temperature 1971-1993. Peter Loewe, Federal Maritime and 
Hydrographic Agency (pers. comm.). 
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trench as opposed to the Fair Isle or Dooley currents (see Fig. 59c). A possible reason 
why the ICES data did not show this signal is because the salinity measurements were 
taken at the surface. Svendsen et al. ( 1995) also showed a pronounced decline in the 
areal coverage of Atlantic water (>35 psu) in the northern North Sea from 30-50% in the 
early 1970s to 0 % in the late 1970s (Fig. 59a). The areal coverage of Atlantic water 
persisted below 20 % until the late 1980s. Similarly, Becker & Pauly (1996) noted that 
the spatial extent of the northern Atlantic inflow (characterised by the 35 psu isohaline) 
appeared to be limited in the northern North Sea during years with negative temperature 
anomalies (particularly in the late 1970s ). 
Corten ( 1990) and Corten & Kamp ( 1996) suggested that most of the observed changes in 
the pelagic fish stocks in the North Sea (particularly the dramatic decline of the herring 
fishery in the late 1970s) could be explained by a reduction of Atlantic water during this 
period, and to changes to the circulation of the North Sea. For example, the spawning 
stock was 50, 000 tonnes in 1977 compared to an estimated 1.4 million tonnes in 1990. 
Corten & Kamp ( 1996) also mentioned that the entire sprat fishery in the North Sea 
collapsed in the late 1970s and, during the years 1978-1982, the distribution of sprat stock 
shifted southward. Svendsen et al. ( 1995) showed that the migration of the western 
mackerel stock into the North Sea (dependent on Atlantic water transport) was at an all 
time low in the late 1970s. Lindeboom et al. ( 1995) also showed that the abundance of 
macrobenthos, fish and birds in the southern North Sea showed sudden changes at the end 
of the late 1970s, and Southward ( 1980) noted the appearance of cold-water gadoid 
species (previously recorded only once before) in the western English Channel during 
1979. Many other researchers also noted an abrupt change in the biology of the North 
Sea in the late 1970s (Evans & Edwards, 1993; Josefson et al., 1993; Kroncke et al., 
1998). In Chapter 5, data were presented that showed that the zooplankton community 
recorded by the CPR survey also underwent dramatic changes in the late 1970s (see Fig. 
39). Although there is undeniably very strong evidence that suggests something 
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Figure 59: (a) Depth mean (50-200 m or bottom) salinity distribution for the summers of 1990 and 1978 
highlighting the difference between the area! coverage of Atlantic water (>35 psu) in the late 1970s and 
late 1980s (Svendsen et al. 1995). (b) time series of the mean salinities along the Fair Isle - Munken 
section highlighting the Great Salinity Anomaly of the 1970s (Becker & Dooley, 1995). (c) Temperature 
and salinity near bottom in north-west North Sea and in the core of Atlantic water at the western shelf of 
the Norwegian Trench during summers of 1970-1998 (Aure et al., 1999). 
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exceptional happened in the North Sea in the late 1970s (found in both physical and 
biological time-series), the question remains as to whether it was due to the GSA event? 
Apart from the very cold temperatures experienced in the North Sea during the late 1970s 
(which would explain the decline in some macrobenthos species), how else could the 
GSA affect the ecology of the North Sea? lt is possible that the cold, low-salinity water 
could have caused a seasonally persistent thermo-halocline, preventing the renewal of 
nutrients to the euphotic zone prior to the spring bloom and hence causing a delay in the 
timing of the spring bloom. For example, when the GSA passed through the Rockall 
Channel it was discernable down to at least I 000 m (Belkin et al., 1998), creating a very 
stable water mass and, possibly, preventing any deep-water mixing. Lindeboom et al. 
( 1995) speculated that the inflowing oceanic water caused by the GSA had a completely 
different chemical composition and may have initiated a biological switch in the late 
1970s. However, these researchers did not provide any evidence to support this theory. 
Detailed analysis of nutrient data (phosphate and nitrate) by the North-West European 
Shelf Programme (NOWESP) project did not identify any significant changes occurring 
in the late 1970s in the north-west European shelf (Visser et al., 1996). However, Dooley 
et al. ( 1984) did report that the different water masses passing through the Rockall 
Channel in the late 1970s had very different chemical properties (particularly silicate). 
Corten ( 1990) and Turrell et al. ( 1996) suggested that the circulation changes in the North 
Sea, rather than the direct effect of variations in temperature and salinity, caused the 
ecological changes seen in the North Sea during the late 1970s. 
7. 4. 3 Cold-boreal indicator species 
If a cold body of water was advected into the North Sea during the late 1970s, there 
should be some evidence from indicator species recorded by the CPR survey. Figure 60 
shows the abundance of cold-boreal plankton species recorded in the three North Sea 
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regional areas from 1960-1995 (both zooplankton and phytoplankton indicator species 
were used). It is clear from Figure 60 that, although these species have occurred 
sporadically in the North Sea during the last four decades, they all peak in abundance 
during the late 1970s/early 1980s. Although Euphausiacea spp. and Ceratium longipes 
are resident in the North Sea it is unusual to find them in such high abundance, 
particularly in the southern North Sea. Both are more commonly found in the colder 
northern waters of the North Atlantic (A. Lindley, pers. comm.). For example, C. 
longipes was found five standard deviations above the long-term mean in 1979. During 
this year, in the southern North Sea, virtually all other phytoplankton species were found 
in very low abundance and some failed to materialise (see Chapter 6). The four other 
species illustrated in Figure 60 are not resident in the North Sea and represent true cold-
boreal species. The marine diatom Navicula planamembranacea is found normally in the 
north-west Atlantic, particularly around Iceland and Greenland, and could have only 
entered the North Sea through advection (being a passive drifter). Similarly, the large 
marine copepods Metridia longa, Euchaeta norvigica and Calanus hyperboreus could. 
only enter the North Sea through advection. These latter species tend to spend most of 
their life-cycle in deeper waters ( 1000 m) and only migrate to the surface waters during 
spring, spending a couple of months in the euphotic zone. Although these species are 
more abundant in the colder waters of the north-west Atlantic, they are also found in the 
colder waters off the Norwegian coast (data from CPR survey). One of the few ways in 
which these species can enter the North Sea is along the Norwegian trench and C. 
hyperboreus has been found as far south as the entrance of the Skagerrak (CPR samples 
from 1979). Hydrographic stations in the entrance of the Skagerrak confirm that the 
period from 1977-1981 was marked by a very unusual negative salinity anomaly 
(Danielssen et al., 1996). Interestingly, C. hyperboreus has not appeared in the North Sea 
since 1979. 
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Figure 60: Cold-boreal indicator species recorded in various regions of the North Sea by the CPR 
survey. Note that many of the species peak in abundance in 1979, the year of negative salinity 
and temperature anomalies. 
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Although one of the possible explanations for the presence of these species in the North 
Sea is through advection, probably entering the North Sea at depth along the Norwegian 
trench, it is impossible that they were advected from the north-west Atlantic following the 
route of the advective hypothesis suggested by Dickson et al. ( 1988). This latter theory 
would mean that these species would have had to spend up to I 0 years travelling around 
the sub-polar gyre before they entered the North Sea. It is more likely that these species 
originated from off the Norwegian coast and entered the North Sea from a more northerly 
or easterly route. Alternatively, when the warm Atlantic inflow was weakest, colder 
water from the north penetrated further into the North Sea. It is worth noting that during 
the period 1976-1982, the Barents Sea had severe ice conditions (Aure et al., 1999), 
perhaps indicating a decrease in Atlantic water transported north through the Nordic Seas. 
Other alternative suggestions explaining the GSA have been proposed by Dooley et al. 
( 1984) and Hansen & Kristiansen ( 1994) and are discussed below. 
Dooley et al. ( 1984) suggested that the GSA and temperature anomaly in the late 1970s to 
the west of the British Isles was caused by a hypothetical large-scale shift eastwards of 
the Polar Front. While Hansen & Kristiansen ( 1994) did not disagree with Dickson et al. 
( 1988) on how the anomaly travelled from one region to another in the north-west 
Atlantic, they disagreed on how the anomaly appeared in the north-east Atlantic. They 
suggested that the North Atlantic Current and Shelf-edge Current transport a positive 
salinity signal to the north-east Atlantic (Faeroe-Shetland region), while the East 
Icelandic Current (originating north of Iceland) transports a negative signal. A change in 
the balance between the flows, with weakened Atlantic water relative to the East 
Icelandic Current, could explain the GSA event in this region (Hansen & Kristiansen, 
1994). Interestingly, Dooley et al. (1984) also noted that the Gulf Stream transport was 
particularly weak at this time. Turrell et al. ( 1996) were in agreement with this 
hypothesis and suggested that, when less Atlantic water enters the Faeroe-Shetland 
Channel, a greater proportion of water at all depths is derived from the lower salinity 
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water originating from the northern sources. There is also evidence that the East Icelandic 
Current on occasions has penetrated as far down as the coast of mid Norway (Skjoldal et 
al., 1993) but it is not clear how these intrusions affect Atlantic inflow into the North Sea. 
Blindheim et al. ( 1996) suggested that the increased supply of Arctic waters from the East 
Icelandic Current during the late 1970s reinforced considerably the GSA in the Nordic 
Seas particularly in the southern Norwegian Sea. If this is true, it is more likely that the 
indicator species were advected into the North Sea during one of these periods rather than 
by the sub-polar gyre circulation. Alternatively, when the warm Atlantic inflow was 
weakest, colder water from the north penetrated further into the North Sea. Although 
there are disagreements on .the explanations for the GSA, it is still undoubtedly one of the 
most important oceanographic events to have occurred in the North Atlantic during the 
last 50 years. Blindheim et al. ( 1996) suggested that the salinity anomalies in the north-
east Atlantic (particularly in the Nordic Seas) were caused not only by changes in the sub-
polar gyre circulation but also by the direct influence of the East Icelandic Current. 
These changes in the oceanography of the North Atlantic were most likely responsible for 
an cold-boreal period in the North Sea during the late 1970s which manifested itself 
through the many observed changes in the biology of the North Sea during this time. 
However, current theories on the North Atlantic circulation do not account for the 
phytoplankton response observed in the oceanic regions of the north-east Atlantic during 
the late 1970s/early 1980s. 
One of the most difficult phenomena to explain was the lag difference between the 
oceanic regions in the north-east Atlantic seen during this period. For example, the 
anomaly was most prevalent in the years 1976-1979 in the other north-east Atlantic 
regions but was most prevalent in 1981-1982 in the southern oceanic region. Another 
difficulty in interpreting these trends is that the southern oceanic region does not contain 
a long-term time-series of salinity (Dickson et al., 1988). The only explanation comes 
from the late arrival of the GSA to this area, which was possibly caused by the splitting 
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up of two different pathways of mean transport the North Atlantic current system (west of 
the European continent). The salinity signal carried by the southerly North Atlantic 
current arrives at the southern entrance of the Rockall Channel. Here, this signal divides 
into a faster northward moving branch and a weaker, slower branch moving towards the 
Bay of Biscay (Pingree, 1993). If the Great Salinity Anomaly was carried by the sub-
polar gyre it would, therefore, arrive later in the southern oceanic region. When Seeker 
& Pauly (1996) compared the salinity time-series between the Rockall Channel and the 
western part of the English Channel, they found a highly significant correlation with a 74 
month lag. It is still not conclusive whether this is the cause of the Jag between the 
southern oceanic region and the other areas of the north".east Atlantic. However, the 
timing of the GSA in the Rockall Channel ( 1976) and the phytoplankton anomaly seen in 
the southern oceanic region ( 1982) seems to fit the 74 month lag. The only other 
evidence to suggest that the earlier 1980s was an exceptional period in the southern 
oceanic region comes from the presence of Ca/anus hyperboreus. Williams & Con way 
( 1988) found this species off the Porcupine Sea Bight in the early 1980s and considered it 
to be the most southerly record of this species in the eastern North Atlantic. 
7. 4. 4 The late 1980slearly 1990s event 
While the late 1970s/early 1980s event manifested itself throughout the north-east 
Atlantic, the late 1980s/early 1990s event was generally more pronounced in the North 
Sea regions. The second anomalous event was the complete opposite to the previous 
event, with the North Sea characterised by high salinities and temperatures as opposed to 
cold, low salinity conditions seen in the late 1970s. Earlier in the chapter, it was shown 
that in 1989 the NAO index was at its most extreme positive phase and resulted in high 
positive SST anomalies in certain regions of the north-east Atlantic (negative response in 
the northern oceanic region). In Chapter 4, it was noted that, the late 1980s were the most 
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exceptional for phytoplankton biomass with very high values recorded. In the offshore 
northern North Sea, highest values for phytoplankton biomass were recorded in 1988, and 
in the central and southern North Sea, highest values were recorded in 1989 and 1990. 
Due to the Jag period, beginning with the offshore northern North Sea and ending with 
the other regions of the North Sea, there seems to be another phenomenon responsible for 
these exceptional values apart from purely atmospheric factors. Again, there appears to 
be an oceanographic event involved that could explain the time-Jag between different 
regions of the North Sea. lt was not only phytoplankton biomass values that were 
exceptional in the late 1980s/early 1990s. Evidence from Chapter 6 (see also Fig. 48) 
suggested that, during this period, the North Sea ecosystem was punctuated by a 
succession of short-lived exceptional phytoplankton blooms. Many of the species 
recorded their highest monthly values (monthly values from January 1960-December 
1995) and peaked in abundance one to three months in advance of their normal seasonal 
peak. Atlantic inflow into the North Sea has profound implications for the circulation and 
ecology of the North Sea (Turrell et al., 1992). Turrell et al. (1992) have also suggested 
that the Atlantic inflow into the North Sea makes a major contribution to the input of 
generally warmer, nutrient rich water into the northern North Sea. 
7. 4. 5 Oceanic-lusitanean indicator species 
If there was any evidence for an extreme Atlantic inflow event happening in the North 
Sea in the late 1980s/early 1990s, the CPR data should be able to detect the presence of 
oceanic indicator species in the North Sea. Figure 61 shows the abundance of oceanic-
lusitanian indicator species in the three North Sea regional areas from 1960-1995 (both 
phytoplankton and zooplankton indicator species were used). lt is clear from Figure 61 
that these species have occurred sporadically in the North Sea during the last four decades 
but all peak in abundance during the late 1980s/early 1990s. None of these species is 
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Figure 6 1: Wann-lusitanian indicator species recorded in various regions of the 
North Sea by the CPR survey. Note that many of the species peak in abundance in 
1989 and 1990, the year of positive salinity and temperature anomalies. 
197 
J 
1985 1990 1995 
1985 1990 1995 
1985 1990 1995 
resident in the North Sea but can appear in the North Sea through Atlantic advection, 
mainly through the northern entrances (e.g. the Fair Isle Current and Norwegian trench) 
of the North Sea but also, to a lesser extent, through the southern entrance (Strait of 
Dover). The oceanic diatom Thalassiothrix longissima peaked in abundance in 1988 in 
the offshore northern North Sea and in 1989 in the central and southern North Sea regions 
(matching the pattern found in the phytoplankton biomass values). This suggests that a 
body of Atlantic water first appeared in the offshore northern North Sea before entering 
the other regions of the North Sea and confirms that Atlantic advection played an 
important role in the late 1980s/early 1990s event. 
In the area around the British Isles, the winter of 1988-1989 was exceptionally mild, with 
average North Sea surface temperatures ranging between I and 3 °C above normal and air 
temperatures up to +2.5 oc above the anomaly with respect to 1961-1990 (Hadley Centre, 
U.K climate database, pers. comm.). Positive anomalies in air temperatures over the 
British Isles and sea surface temperatures in the North Sea persisted through the rest of 
the year (see Fig. 62). According to Norwegian coastal sea surface temperature data, the 
winter of 1990 was probably the warmest since measurements started in 1870 (Danielssen 
et al.. 1996). Becker & Dooley ( 1995) reported during the late 1980s and early 1990s 
that salinity levels in the English Channel, southern North Sea and western German Bight 
were extremely high. Heath et al. ( 1991) also reported an inflow of water with 
exceptionally high salinity in January 1990 off the Norwegian coast (58-59°N 3 .5-4°E). 
These values exceeded anything recorded previously by the Marine Laboratory, 
Aberdeen, since records began in 1920. A high peak in salinity occurred in 1989 in the 
time series of mean salinities along the Fair Isle-Munken section (Belkin et al., 1989). 
Turrell et al. ( 1996) also noted a high salinity event in the late 1980s in the Faeroe-
Shetland channel, and Danielssen et al. (I 996) reported that during 1989-1993, the 
entrance of the Skagerrak was characterised by unusually high salinities. Therefore, the 
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Figure 62: Monthly sea surface temperature anomalies for the North Sea for 1989. Anomaly 
maps produced from the average sea surface temperature 1971-1993. Peter Loewe, Federal 
Maritime and Hydrographic Agency (pers. comm.). 
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strong westerly wind component in the late 1980s (caused by high positive NAO values) 
produced high air temperatures around the British Isles and, coupled with the increased 
inflow of relatively warm Atlantic water into the North Sea, conspired to produce an 
extremely warm oceanic climate for the North Sea during the late 1980s/early 1990s 
period. 
The biological response to the late 1980s/early 1990s event was exceptional. 
Phytoplankton biomass in 1989 ( 1988 for the offshore northern North Sea) was nearly 
three standard deviations above the long-term mean, its highest ever value in the North 
Sea (see Chapter 4). The North Sea also experienced an influx of unprecedented numbers 
of oceanic species (see Fig. 61 ), including oceanic tunicates (Lindley et al.. 1990). 
Kroncke et al. ( 1998) reported a sudden increase in macrofaunal biomass in the southern 
North Sea during the late 1980s (see Fig. 63a) and Greve et al. ( 1996) noticed a high 
number of oceanic plankton species in the Helgoland Roads time series during this 
period. Apart from temperature directly influencing physiological growth rates and, 
possibly, indirectly producing more stable stratification conditions (hence phytoplankton 
blooms and higher phytoplankton biomass), the intlowing Atlantic water could have 
possibly brought with it an increase in oceanic-derived nutrients. Evidence from the 
German Bight showed a high increase in silicate occurring in the late 1980s (Visseret al .. 
1996). However, it is not clear whether the elevated silicate concentrations were due to 
the river Elbe or due to other undetermined sources. No other jump like effect could be 
detected in other nutrients at this time, although the silicate increase determined theN/Si 
and the P/Si ratio (Visser et al., 1996). Interestingly, Visser et al. ( 1996) provided some 
evidence that the behaviour of silicate in the English Channel was possibly related to 
salinity changes. Evidence from monitoring sites in Scottish coastal waters also 
suggested that phosphate, nitrate and, particularly, silicate appear to vary with salinity 
(Heath, 1999). Although some macronutrients, such as nitrate and phosphate, are never 
really a limiting factor in the southern North Sea (due to river run-off and permanent 
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mixing), the Atlantic inflow event could have also brought an increase in micronutrients 
such as iron into the North Sea. Evidence from John son et al. ( 1999) suggested that the 
concentration of dissolvable iron is primarily derived from continental shelf sediments 
(that are upwelled into the surface waters) rather than direct riverine input. Inflow of 
nutrients from continental sources may be expected to persist over a couple of years 
because a certain percent of nutrients will be regenerated in succeeding years. 
It is possible that the oceanic indicator species recorded in the North Sea in the late 
1980s/early 1990s signalled subtle changes in current patterns in the North Atlantic, 
possibly related to the changing climatic conditions, bringing warmer water from a more 
southerly origin into the North Sea. Evidence that changes in the circulation in the north-
east Atlantic were bringing more southerly water into the North Sea derives from the high 
abundance of the copepod species Euchaeta hebes and Rhincalanus nasutus in the North 
Sea. These species derive from a more southerly origin and represent the Lusitanian and 
south-western Atlantic fauna carried north by the Shelf Edge Current (Edwards et al., 
1999). Although these species were carried into the North Sea by the Shelf Edge 
Currrent, the warmer more saline waters may have originally been transported to the East 
Atlantic by changes further afield. Seeker & Dooley ( 1995) suggested that this body of 
water originated from the intensification of the sub-polar gyre bringing warmer more 
saline waters to the eastern side of the Atlantic, probably along the Azores Front (before 
carried northward by the Shelf Edge Current). Pingree ( 1993) also noted that the 
poleward flow of the Shelf Edge Current was exceptional in the late 1980s, resulting in 
record temperatures along the northern Spanish slopes. 
Fisheries data also suggest that there was an increased inflow of oceanic water into the 
North Sea during this period. An invasion by Blue-mouth (Helicolenusdactylopterus) in 
the northern North Sea took place in 1990/91 (Heessen et al., 1996). This species is 
usually found on the lower continental shelf to the west of the British Isles at depths of 
201 
200-800 m. Reports of this species occurring in the North Sea during this century are 
very rare. Since 1991, the species has been caught from several areas of the North Sea. 
Heessen et al. ( 1996) suggested that changes in larval drift, due to a hydrographical factor 
(e.g. such as changes in the Shelf Edge Current), may explain this invasion. French 
researchers have also noticed the northward progression of tropical species along the 
continental shelf west of Ireland since the late 1980s (e.g. Quero et al., 1998). Possibly 
the most extraordinary event that has occurred amongst fish populations during the late 
1980s is that of Horse Mackerel (see Fig. 63b). Capture of Horse Mackerel dramatically 
rose in the North Sea from the late 1980s onward, apparently connected with the 
increased transport of Atlantic water into the North Sea (Aure et al., 1999). Sundermann 
et al. ( 1996) suggested that the relatively fast transition of salinity and temperature from 
the late 1970s to the late 1980s could have indicated a hydrographical regime shift. 
7.5 Oceanic influences on the ecology of the North Sea 
Although the late 1970s/early 1980s event in the oceamc regions of the north-east 
Atlantic (regions 4, 5 and 6) cannot be explained adequately, the changes during this 
period in the North Sea were most likely a response to reduced warm Atlantic inflow, 
allowing colder waters from the north to penetrate further into the North Sea. Similarly, 
the late 1980s/early 1990s event in the North Sea was due mainly to hydographical 
changes in the North Atlantic caused by an increase of Atlantic water into the North Sea 
and by the particularly mild atmospheric conditions prevailing at this time. These two 
periods are the most exceptional in the phytoplankton samples recorded by the CPR 
survey (see Chapters 4, 5, and 6) and highlight the importance of rare or episodic 
oceanographic events on the ecology of the North Sea as opposed to the more gradual 
long-term atmospheric changes. The late 1970s/early 1980s event in the North Sea can 
be described as an exceptional cold-boreal period and the late 1980s/early 1990s event 
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Figure 63: (a) Second quarter means of benthic biomass from 1978-1995 recorded in the Norderney 
coastal zone (southern North Sea). Graph provided by Kroncke (pers. comm.). (b) Modelled 
transport of Atlantic water into the North Sea between Utsira and Orkney Islands (Sverdrup) 
(Svendsen pers. comm.) and capture of Horse mackerel (tonnes) (Aure et al., 1999). 
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can be described as an exceptional oceanic-lusitanean period; both events persisted for a 
number of years in the North Sea and were possibly triggered by hydrographical 
anomalies. 
Overall, the results suggest that atmospheric forcing (principally by the NAO index) has 
an important effect on decadal variability of phytoplankton populations in the north-east 
Atlantic. However, oceanic influences on the North Sea ecosystem have been 
underestimated in the past, with the anomalous phytoplankton values associated with 
anomalous oceanographic events. These results are very similar to those reported by 
Seeker & Pauly ( 1996) who described the decadal changes in sea surface temperature 
(SST) in the North Sea. They concluded that SST changes were explained largely by 
local air-sea exchange processes, which depended on the North Atlantic atmospheric 
circulation (measured by the NAO index). However, larger SST anomalies (positive or 
negative) were related to salinity anomalies in the eastern North Atlantic and North Sea 
(i.e. the late 1970s/early 1980s and the late 1980s/early 1990s event). The strongest 
correlations between SST and the NAO index in the North Sea, were found in the shallow 
coastal waters (e.g. along the Danish coast and German Bight) where air-sea exchange is 
greatest; the weakest correlations were found at the northern and southern entrances of 
the North Sea where oceanic advection is strongest. This may explain why the 
phytoplankton of the shallower southern North Sea region shows higher variability (more 
extreme positive and negative values) compared to that of other regional areas of the 
north-east Atlantic (Chapters 4, 5, and 6). 
There is growing evidence to suggest that the period in the late 1970s/early 1980s was 
anomalous in the North Sea, characterised by reduced salinities and temperatures. The 
initial reduction in inflow of Atlantic water was followed by the salinity anomaly and 
changes to the circulation of the North Sea (Corten, 1990; Turrell, et al., 1992). A 
reduction in the inflow of generally warmer North Atlantic current waters, and the arrival 
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of the GSA in the North Sea, would have conspired to produce a cold-boreal climate 
within the North Sea. This physical switch may have been initiated by a decrease in flow 
by the North Atlantic Current, thus allowing an opening for colder waters from the north 
to penetrate further southward. It is more likely that the changes in the circulation at this 
time were more responsible for the ecological changes in the North Sea than a direct 
biological response to the GSA. These conditions persisted in the North Sea until the 
mid-1980s and were followed by another switch occurring in the late 1980s/early 1990s 
accompanied by high temperatures and salinities. The strong westerly wind component in 
the late 1980s (caused by high positive NAO values) produced high air temperatures 
around the British Isles and, coupled with the increased inflow of relatively warm 
Atlantic water into the North Sea, produced an extremely warm oceanic climate for the 
North Sea during the late 1980s/early 1990s period. These large-scale events were 
probably dependent on circulation pattems in the Atlantic (particularly the sub-polar 
gyre) and on the prevailing atmospheric conditions. The degree of coupling between the 
atmosphere and ocean, and its full extent of its influence on the variability of physical, 
chemical and biological parameters in the north-east Atlantic, is still to be resolved. 
7.6 Principal research findings for Chapter 7 
• The NAO index integrates a large proportion of the variability seen in SST, wind 
speed/direction and other environmental variables in the North Atlantic 
• Long-term and spatial pattems in sea surface temperature (SST) can be largely 
explained by variability in the NAO index 
• Long-term and spatial pattems in phytoplankton biomass are associated with the 
trends in SST, which are largely dependant on the NAO index 
• The relationship between the NAO and phytoplankton show significant correlations 
at a moderate level 
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• The northern oceanic area has undergone a cooling/freshening period and an increase 
in stonn activity over the last decade. It is suggested that phytoplankton biomass and 
abundance is decreasing in this region because of this 
• The increase in dinoflagellates is associated with an increase in SST, while diatoms 
are negatively correlated with positive NAO values and SST 
• The late 1970s/early 1980s event is associated with a cold water, low salinity event 
called the Great Salinity Anomaly. This event caused changes in the dynamics of the 
North Atlantic current system and allowed sub-polar water from the East Iceland 
Current to penetrate into the North Sea 
• The late 1980s/early 1990s event is associated with a warm water, high salinity event 
and an extremely positive NAO index. The origin of this water is from more 
southerly sources which travelled north via the Shelf Edge Current, and entered the 
North Sea 
• The biology of the North Sea in the late 1970s/early 1980s is associated with a more 
cold-boreal community 
• The biology of the North Sea in the late 1980s/early 1990s is associated with a more 
oceanic-lusitanean community 
• The oceanic influence (including current dynamics) on the biology of the North Sea 
ecosystem have been underestimated in the past 
• Hydrographic anomalies are strongly associated with anomalous phytoplankton 
values and the overall North Sea community (e.g. zooplankton, fish, macrobenthos) 
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Chapter 8: General conclusions 
Overall, the results of this study suggest that the environment plays a fundamental role in 
structuring the phytoplankton from the seasonal scale to the decadal scale. The seasonal 
spatial evolution of phytoplankton, from the overall biomass to the timing and ending of 
the seasonal growth period, shows close associations to the hydrography of the north-east 
Atlantic. At larger-scales, atmospheric forcing (principally governed by the NAO index) 
has a dominant effect on decadal variability of phytoplankton populations in the north-
east Atlantic. Although there is considerable regional variability in the long-term trends 
in phytoplankton biomass and community structure, underlying patterns have emerged to 
reveal common trends. During the last decade, there has been a considerable increase in 
phytoplankton biomass in most regions and an increase in the dominance of 
dinotlagellates amongst the phytoplankton community. Diatoms, which have their peak 
in spring and autumn, have shown a decline since the 1960s. In particular, the autumn 
bloom has declined in the north-east Atlantic with the summer biomass (principally 
dinotlagellates) playing a more important role in the overall annual biomass means. 
Dinotlagellates show a strong positive correlation with the temperature increase seen in 
most regions of the north-east Atlantic over the last decade and also show a shift to an 
earlier seasonal peak (reflecting a trend towards milder winters and hotter summers). 
While most of the regional areas of the north-east Atlantic appear to be responding in a 
similar fashion in their overall biomass and assemblage trends, the northern oceanic area 
has shown a distinctly separate regional response. Here, the trend over the last decade is 
opposite to the other regions in the north-east Atlantic. The northern oceanic region has 
seen a decline in biomass, diatoms, dinotlagellates and diversity over the last decadal 
period. The proposed mechanism for this response was due the shortening of the seasonal 
cycle and, in particular, in the delay of the spring bloom by a month. The environment of 
this region is showing a negative response to the NAO and, as a consequence, is 
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becoming fresher and cooler over the last decadal period. It is not yet clear, however, 
whether the delay in the spring bloom is due to this freshening and cooling period or due 
to the increase and intensity of deep winter storms. The different patterns seen are most 
likely a reflection of opposing responses to wind, mixing, SST and other hydro-climatic 
parameters influenced by trends in the NAO. The mechanisms involved are, however, 
poorly understood and will require further investigation. 
While atmospheric variability plays a key role in the overall long-term and regional 
patterns of phytoplankton, oceanic influences on the North Sea ecosystem have been 
underestimated in the past. The anomalous phytoplankton biomass values and large 
community shifts are associated with anomalous oceanographic events seen during the 
late 1970s/early 1980s and the late 1980s/early 1990s. The period in the late 1970s/early 
1980s was anomalous in the North Sea, characterised by reduced salinities and 
temperatures caused primarily by the unusual hydro-climatic conditions and a change in 
the overall North Atlantic Current dynamics. In the North Sea during the late 1970s, 
there was an initial reduction in inflow of Atlantic water, followed by a salinity anomaly 
and changes to the circulation of the North Sea (Corten, 1990; Turrell, et al., 1992). A 
reduction in the inflow of generally warmer North Atlantic current waters, and the arrival 
of the Great Salinity Anomaly (GSA), in the North Sea would have conspired together to 
produce a cold-boreal climate within the North Sea (evident in plankton community). 
This physical switch may have been initiated by a decrease in flow by the North Atlantic 
Current thus allowing an opening for colder waters from the north (from the East 
Icelandic current) to penetrate further southward. It is more likely that the changes in 
circulation at this time were more responsible for the ecological changes in the North Sea 
as opposed to a direct biological response to the GSA. There is clear evidence that during 
this period the reason why there was a reduction in overall phytoplankton biomass, and a 
dramatic shift in community and diversity, was due to a later spring bloom and a retarded 
seasonal growth period. Many spring species failed to materialise during this period 
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(causing an obvious decline in overall mean diversity and a large inter-annual shift in 
community) and many that did, appeared much later in the season. For example, the most 
dominant spring diatom, Hyalochaete spp. has a normal seasonal peak in March/April 
and only appeared in low numbers in August during the late 1970s. Temporal niches 
normally occupied by particular species were, therefore, abnormal during this period. 
This was the reason suggested as to why one the most dominant dinoflagellates (Ceratium 
macroceros) disappeared for a number of years in the southern North Sea. 
The most exceptional event, in terms of an inter-annual shift in phytoplankton community 
structure (as well as diatom/dinoflagellate abundance), occurred during this period (late 
1970s/early 1980s). One of the most difficult phenomena to explain, however, was the Jag 
difference between the regional areas in the north-east Atlantic seen during this period 
(there is no salinity time-series in the southern oceanic region). While, the changes in 
biomass, dinoflagellate/diatom abundance, and inter-annual shifts in the North Sea 
followed closely the proposed transit dates of the GSA, the anomaly in the southern 
oceanic area (while on a comparable scale) occurred much later. The anomaly was most 
prevalent in the years 1976-1979 in the other north-east Atlantic regions but was most 
prevalent in 1981-1982 in the southern oceanic region. The only explanation comes from 
the late arrival of the GSA to this area, which was possibly caused by the splitting up of 
two different pathways of the mean transport the North Atlantic Current system (west of 
the European continent). The salinity signal carried by the southerly North Atlantic 
current arrives at the southern entrance of the Rockall Channel. Here, this signal divides 
into a faster northward moving branch and a weaker, slower branch moving towards the 
Bay of Biscay (Pingree, 1993). If the GSA was carried by the sub-polar gyre it would, 
therefore, arrive later in the southern oceanic region. When Seeker & Pauly ( 1996) 
compared the salinity time-series between the Rockall Channel and the western part of 
the English Channel, they found a highly significant correlation with a 74 month la g. "It is 
still not conclusive whether this is the cause of the Jag between the southern oceanic 
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region and the other areas of the north-east Atlantic. However, the timing of the GSA in 
the Rockall Channel (1976), and the phytoplankton anomaly seen in the southern oceanic 
region ( 1982), seems to fit the 74 month lag. 
While the late 1970/early 1980 event was pan north-east Atlantic in extent and associated 
with a cold-boreal period, the late 1980s/early 1990s event was particularly prevalent 
amongst the North Sea phytoplankton and was.associated with a warm-lusitanean period. 
The 1980s/early 1990s biological shift was accompanied by high temperatures and 
salinities. The strong westerly wind component in the late 1980s (caused by high positive 
NAO values) produced high air temperatures around the Britishlsles. This, coupled with 
evidence for a increased inflow of relatively warm Atlantic water into the North Sea, 
(from the Shelf Edge Current) conspired to produce an extremely warm oceanic climate 
for the North Sea during the late 1980s/early 1990s period (evident in the plankton 
community). It is not clear, however, why there was such a dramatic biological response 
to these unusual ocean climate conditions. For example, there was little evidence to 
suggest that the spring bloom was earlier or that the seasonal growth period had extended. 
Or whether the increase was due to high temperatures or an influx of oceanic nutrients 
into the North Sea or a combination of both. What is clear, however, is that the increase 
was particularly prevalent in the winter and summer seasons, and that 1989 was 
punctuated by a succession of exceptional phytoplankton blooms with many species 
having earlier seasonal peaks. 
Both the benthic community changes experienced in the 1970s/early 1980s event 
(Josefson et al., 1993) and the late 1980s/early 1990s event (Kronke et al., 1998) have 
been ascribed previously to as evidence of eutrophication. On the evidence presented in 
this thesis, it seems more plausible to account these changes to variability in the ocean 
climate and that the changes in phytoplankton biomass are controlling the long-term 
variability in the benthos of the North Sea (with a lag of one to two years). In Chapter 4, 
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it was shown that even in the coastal margins of the southern North Sea (a eutrophicated 
area), the dominant force affecting long-term trends in the phytoplankton was 
environmental variability. The long-term trends in phytoplankton in other regions of the 
North Sea were paralleled in Danish coastal waters and the German Bight. These coastal 
responses, however, were particularly extreme, with this area showing the highest 
variability in response to the late 1970s/early 1980s (lowest biomass value) and the late 
1980s/early 1990s events (highest biomass value). Overall, these results are very similar 
to those reported by Seeker & Pauly ( 1996) who described the decadal changes in SST in 
the North Sea. They concluded that SST changes were explained largely by local air-sea 
exchange processes, which depended on the North Atlantic atmospheric circulation 
(measured by the NAO index). However, larger SST anomalies (positive or negative) 
were related to salinity anomalies in the eastern North Atlantic and North Sea (i.e. the late 
l970s/early 1980s and the late l980s/early 1990s event). In the North Sea, the strongest 
correlations between SST and the NAO index were found in shallow coastal waters (e.g. 
along the Danish coast and German Bight) where air-sea exchange is greatest. The 
weakest correlations were found at the northern and southern entrances of the North Sea 
where oceanic advection is strongest. This was also true for the phytoplankton biomass, 
which showed highest correlations with temperature in the southern North Sea and the 
most extreme phytoplankton values (high or low) than any other areas of the north-east 
Atlantic. 
The environment of the north-east Atlantic is probably dependent on circulation patterns 
in the Atlantic (particularly the sub-polar gyre) and on the prevailing atmospheric 
conditions. The degree of coupling between the atmosphere and ocean and the full extent 
of its influence on the variability of physical, chemical and biological parameters in the 
north-east Atlantic, is still to be resolved. However, what this research has revealed is the 
importance of long-term biological datasets and a survey with a particularly large spatial 
extent in determining natural variability at larger spatia-temporal scales. For example, 
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while other surveys have revealed similar long-term fluctuations they did not have the 
benefit of regional comparisons. As a consequence of this, some researchers interpreted 
abrupt changes in biology (in the late 1970s and late 1980s) as evidence of eutrophication 
and not to a wider scale hydro-climatic change. While this research has been largely an 
exercise in data exploration, it has revealed some important findings on the relationship 
between the biology of the north-east Atlantic and slow climate oscillations. Large 
ecological shifts, caused by episodic oceanic events (boreal or lusitanean in origin), have 
also been revealed, which are at present, impossible to predict or model. The research 
also provides the groundwork for future hypothesis-driven research such as: 
• Mechanisms and climate/biology links (direct or indirect) need to be examined more 
closely with the addition of other physical datasets (e.g. solar radiation, nutrient 
ratios, cloud cover and dominant weather types). 
• Seasonal dynamics often reveal patterns in long-term changes and long-term forcing 
can be particularly effective during a limited period in the season. The seasonal 
dynamics of phytoplankton will, therefore, have to be examined in more detail and 
in particular to find evidence of changes in the timing and seasonal duration. A 
particular prominent trend in a limited period in the season may also lead to a better 
understanding of climate/biology links. 
• Spectral analysis techniques need to be performed on the phytoplankton data. This 
may reveal prominent cycles and periodicities within the data. If these cycles match 
the cycles of a particular physical variable, it may reveal a relationship between the 
two variables. 
• Mechanisms need to be explored on why the seasonal duration and timing of the 
spring bloom has changed in the northern oceanic region. Is it due to the freshening 
and cooling experienced in this region over the last decade, or is stratification being 
delayed by an increase in deep winter storms? 
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• This research has revealed close associations between the phytoplankton trends and 
other biological time-series (e.g. zooplankton, macrobenthos and fish). Are we 
seeing bottom up control with the phytoplankton directly controlling overall 
ecology, or are higher trophic levels simply showing a simultaneous response to the 
same environmental stimuli? Cross-correlations between phytoplankton and the 
benthos seem to reveal a one to two year lag and will need to be explored in more 
detail. 
Although this research was conducted using data from the 1960-1995 period, it is worth 
mentioning recent developments because they are highly relevant to the general 
conclusions discussed above. During the period late 1997/early 1998, the North Sea 
experienced another exceptional inflow event (Edwards et al., 1999). This inflow event 
was on a par with the late 1980s/early 1990s event described in Chapter 7 and, again, the 
phytoplankton showed an exceptional peak (summer phytoplankton colour values were 
the highest ever recorded). Because this inflow event followed so closely behind the 
previous event, and both events have occurred only during the last decade (CPR data 
1948-1999), it may represent a more persistent alteration to the physical environment of 
the north-east Atlantic. Globally, the year 1998 was the warmest year on record (Hadley 
Centre, pers. comm.) and salinity levels off the British Isles approached the highest ever 
recorded this century (B. Turrell, Marine Laboratory, Aberdeen, pers. comm.). Since the 
late 1980s, the North Atlantic Oscillation (NAO) index has remained persistently positive 
(excluding 1996) with the 1990s continuing to experience the longest and most extreme 
positive phase yet observed (NAO index 1864-1999). There is now important evidence 
from climate models that variability in the NAO index is being actively forced by global 
warming (Paeth & Hense, 1999). As a consequence of this, the NAO index is expected to 
remain positive for at least another 50 years, which has obviously important implications 
for the environment and biology of the North Atlantic. In the North Sea during 1999, the 
CPR survey witnessed a population explosion of the marine cladoceran Penilia avirostris. 
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This species has a subtropical distribution and is normally recorded in waters south of the 
Bay of Biscay. Its presence in the North Sea corresponded with September/October SST 
values 2-4°C above the long-tenn mean (W. Greve, Helgoland Roads, Germany, pers. 
comm.). During the last two years ( 1998-2000), the CPR survey has also witnessed 
significant biogeographical changes in the north-east Atlantic with many subtropical 
species extending their range northward. These recent results may be the first signs of the 
effect of global warming on marine plankton in the north-east Atlantic. 
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Appendix I: Phytoplankton taxa used in Principal Component Analysis (PCA) for the offshore northern 
Notth Sea. Only species that occurred at frequencies above I % in CPR samples were used in the analysis. 
Species that are highlighted were also not used in the analysis because they do not have a full time-series 
(1960-1995) or are invasive species. 
Taxon name 
Ceratium fusus 
Ceratium furca 
Ceratium tripos 
Ceratium macroceros 
Ceratium longipes 
Thalassiosira spp. 
Protoperidinium spp. 
Ceratium horridum 
Chaetoceros( Hyalochaete) spp. 
Chaetoceros( Phaeoceros ) spp. 
Rhizosolenia ala/a ala/a 
Thalassionema nitzschioidas 
Dinophysis spp. 
Silicoflagellatae 
Ceratium lineatum 
Skeletonema costatum 
Nitzschia delicatissima 
Rhizosolenia styliformis 
Dinoflagellate cysts 
Rhizoso/enia hebetata semispina 
Paralia sulcate 
Nitzschia seriata 
Polykrikos schwartzii cysts 
Unidentified Coscinodiscus spp. 
Rhizosolenia imbrica. shrubsolei 
Corethron criophilum 
Thalassiothrix longissima 
Gonyaulax spp. 
Asterionella glacialis 
Prorocentrum spp. 
Taxon 1.0 
121 
122 
124 
125 
127 
103 
255 
126 
112 
113 
110 
117 
251 
198 
123 
102 
119 
107 
130 
108 
101 
118 
133 
166 
106 
164 
116 
253 
115 
259 
232 
Abbreviation 
Cfus 
Cfur 
Ctri 
Cmac 
Cion 
Thai 
Pro! 
Chor 
Hyal 
Phae 
Raa 
Tnit 
Dino 
Cl in 
Scos 
Ndel 
Rsty 
Rsem 
Psul 
Nser 
Rshr 
Ccri 
Tlon 
Agla 
Pror 
Frequency(%) 
30.24 
24.49 
23.48 
13.46 
12.79 
12.56 
12.16 
11.76 
11.74 
9.74 
8.59 
7.14 
6.91 
4.26 
4.24 
4.20 
4.03 
4.01 
3.93 
3.78 
2.44 
2.18 
2.16 
1.74 
1.53 
1.26 
1.24 
1.05 
1.03 
1.01 
Appendix 2: Phytoplankton taxa used in Principal Component Analysis (PCA) for the central and British 
coastal North Sea. Only species that occurred at frequencies above I % in CPR samples were used in the 
analysis. Species that are highlighted were also not used in the analysis because they do not have a full 
time-series (1960-1995) or are invasive species. 
Taxon name 
Ceratium fusus 
Ceratium furca 
Ceratium tripos 
Chaetoceros( Phaeoceros ) spp. 
Chaetoceros( Hyatochaete) spp. 
Ceratium macroceros 
Thalassiosira spp. 
Protoperidinium spp. 
Ceratium honidum 
Ceratium longipes 
Ceratium /ineatum 
Rhizosolenia alata alata 
Rhizosolenia stylifonnis 
Paralia sulcata 
Thalassionema nitzschioides 
Silicoflagellatae 
Dinophysis spp. 
Rhizosolenia hebetata semispina 
Rhizosolenia imbrica. shrubsolei 
Odontella sinensis 
Nitzschia seriata 
Nitzschia delicatissima 
Unidentified Coscinodiscus spp. 
Dinoflagellate cysts 
Skeletonema costatum 
Fragilaria spp. 
Navicula spp. 
Odontella regia 
Asterionella glaciatis 
Cylindrotheca closterium 
Polykrikos schwartzii cysts 
Gyrosigma spp. 
Odontella aurita 
Ditylum brightwellii 
Bellerochea malleus 
Thalassiothrix longissima 
Prorocentrum spp. 
Gonyaulax spp. 
Scrippsiella spp. 
Coscinodiscus concinnus 
Eucampia zodiacus 
Rhizosotenia a/ala inennis 
Rhizosolenia stolterfothii 
Dactyliosolen mediterraneus 
Bacillaria paxillifer 
Coscinodiscus wai/esil 
Taxon 1.0 
121 
122 
124 
113 
112 
125 
103 
255 
126 
127 
123 
110 
107 
101 
117 
198 
251 
108 
106 
114 
118 
119 
166 
130 
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170 
176 
160 
115 
177 
133 
172 
157 
168 
155 
116 
259 
253 
950 
165 
169 
111 
188 
105 
153 
976 
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Abbreviation 
Cfus 
Cfur 
Ctri 
Phae 
Hyal 
Cmac 
Thai 
Prot 
Char 
Cion 
Clin 
Raa 
Rsty 
Psul 
Tnit 
Dine 
Rsem 
Rshr 
Os in 
Nser 
Ndel 
Scos 
Frag 
Nav 
Oreg 
Agla 
Cylin 
Gyro 
Oaur 
Oily 
Bell 
Tlon 
Pror 
Ccon 
Ezod 
Rin 
Rstol 
Dmed 
Bpax 
Frequency (%) 
38.53 
33.62 
27.83 
23.31 
22.25 
20.95 
18.89 
18.62 
17.26 
14.17 
13.80 
12.74 
12.47 
12.25 
11.40 
11.03 
9.97 
9.39 
6.69 
6.62 
5.73 
5.60 
5.01 
4.16 
4.06 
3.75 
3.67 
3.50 
3.04 
2.75 
2.52 
2.32 
2.20 
1.59 
1.57 
1.55 
1.53 
1.34 
1.31 
1.27 
1.22 
1.16 
1.07 
1.05 
1.04 
1.01 
Appendix 3: Phytoplankton taxa used in Principal Component Analysis (PCA) for the southern continental 
North Sea. Only species that occurred at frequencies above I % in CPR samples were used in the analysis. 
Spt.;ies that are underlined were also not used in the analysis because they do not have a full time-series 
( 1960-1995) or are invasive species. 
Taxon name 
Ceratium fusus 
Ceratium furca 
Odontella sinensis 
Ceratium tripos 
Ceratium horridum 
Paralia sulcata 
Chaetoceros( Phaeoceros ) spp. 
Protoperidinium spp. 
Thalassiosira spp. 
Ceratium macroceros 
Chaetoceros( Hyalochaete) spp. 
Ceratium longipes 
Dinophysis spp. 
Rhizosolenia styliformis 
Thalassionema nitzschioides 
Unidentified Coscinodiscus spp. 
Rhizosolenia imbrica. shrubsolei 
Rhizosolenia hebetata semispina 
Rhizoso/enia a/ala a/ala 
Coscinodiscus wailasii 
Silicoflagellatae 
Dinoflagellate cysts 
Ceratium lineatum 
Nitzschia seriata 
Odontella regia 
Odontella aurita 
Noctiluca scintillans 
Fragilaria spp. 
Nitzschia delicatissima 
Asterionella g/acialis 
Navicula spp. 
Prorocentrum spp. 
Scrippsiella spp. 
Coscinodiscus concinnus 
Polykrikos schwartzii cysts 
Eucampia zodiacus 
Phaeocystis pouchetii 
Bellerochea malleus 
Cylindrotheca c/osterium 
Ditylum brightwellii 
Bacteriastrum spp. 
Skeletonema costatum 
Gyrosigma spp. 
Gonyaulax spp. 
Bacillaria paxillffer 
Lauderia borealis 
Rhizosolenia stolterfothii 
Taxon t.D 
121 
122 
114 
124 
126 
101 
113 
255 
103 
125 
112 
127 
251 
107 
117 
166 
106 
108 
110 
976 
198 
130 
123 
118 
160 
157 
750 
170 
119 
115 
176 
259 
950 
165 
133 
169 
194 
155 
177 
168 
154 
102 
172 
253 
153 
174 
188 
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Abbreviation 
Cfus 
Cfur 
Os in 
Ctri 
Chor 
Psut 
Phae 
Prot 
That 
Cmac 
Hyal 
Cion 
Dino 
Rsty 
Tnit 
Rshr 
Rsem 
Raa 
Clin 
Nser 
Oreg 
Oaur 
Frag 
Ndet 
Agla 
Nav 
Pror 
Ccon 
Ezod 
Bell 
Cylin 
Oily 
Bact 
Scos 
Gyro 
Bpax 
Lbor 
Rstol 
Frequency{%) 
42.28 
33.91 
27.47 
25.31 
23.52 
21.39 
19.91 
18.36 
18.04 
16.67 
14.80 
11.58 
10.34 
9.99 
9.86 
9.39 
9.35 
8.35 
8.04 
7.69 
6.53 
5.52 
5.49 
5.01 
4.38 
4.35 
3.94 
3.67 
3.64 
2.88 
2.66 
2.63 
2.56 
2.37 
2.35 
2.12 
2.10 
2.02 
1.92 
1.75 
1.62 
1.57 
1.55 
1.39 
1.34 
1.11 
1.08 
Appendix 4: Phytoplankton taxa used in Principal Component Analysis (PCA) for the northern oceanic 
area. Only species that occurred at frequencies above I % in CPR samples were used in the analysis. 
Species that are highlighted were also not used in the analysis because they do not have a full time-series 
( 1960-1995) or are invasive species. 
Taxon name Taxon I.D Abbreviation Frequency(%) 
Ceratium lusus 121 Cfus 35.16 
Ceratium furca 122 Cfur 24.41 
Thalassiosira spp. 103 Thai 20.09 
Chaetoceros( Hyalochaete ) 112 Hyla 19.42 
spp. 
Chaetoceros( Phaeoceros ) 113 Phae 19.11 
spp. 
Ceratium tripos 124 Ctri 17.16 
Thalassionema nitzschioides 117 Tnit 14.90 
Rhizosotenia styliformis 107 Rsty 12.71 
Ceratium horridum 126 Chor 12.58 
Dactyliosolen mediterraneus 105 Dmed 11.95 
Nitzschia delicatissima 119 Ndel 11.75 
Silicoftagellatae 198 11.23 
Thalassiothrix longissima 116 Tlon 10.55 
Ceratium lineatum 123 Clin 10.15 
Rhizosolenia alata alata 110 Raa 9.13 
Nitzschia seriata 118 Nser 8.63 
Protoperidinium spp. 255 Prot 7.34 
Ceratium macroceros 125 Cmac 6.51 
Rhizosolenia alata indica 109 Rind 5.52 
Ceratium longipes 127 Cion 3.98 
Dacty/iosolen antarcticus 104 Dant 3.95 
Rhizosolenia imbrica. 106 Rshr 3.84 
shrubsolei 
Coccolithaceae 195 3.74 
Rhizosolenia hebetata 108 Rsem 3.54 
semispina 
Dinophysis spp. 251 Dino 3.12 
Rhizosolenia a/ata inermis 111 Rin 2.95 
Unidentified Coscinodiscus spp. 166 2.69 
Navicula spp. 176 Nav 1.57 
Dinoftagellate cysts 130 1.34 
Cylindrotheca ctosterium 177 Cylin 1.25 
Bacteriastrum spp. 154 Bact 1.19 
Polykrikos schwartzii cysts 133 1.02 
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Appendix 5: Phytoplankton taxa used in Principal Component Analysis (PCA) for the central oceanic area. 
On':· species that occurred at frequencies above I % in CPR samples were used in the analysis. Species 
that are highlighted were also not used in the analysis because they do not have a full time-series ( 1960-
1995) or are invasive species. 
Taxon name Taxon i.D Abbreviation Frequency(%) 
Ceratium lusus 121 Cfus 49.75 
Ceratium furca 122 Cfur 41.54 
Ceratium tripos 124 Ctri 22.37 
Thalassiosira spp. 103 Thai 21.51 
Thalassionema nitzschioides 117 Tnit 20.89 
Chaetoceros( Phaeoceros) 113 Phae 17.97 
spp. 
Chaetoceros( Hya/ochaete) 112 Hyia 17.67 
spp. 
[ sllicofiagellatae 198 
',.-. 
-
--""-
,. ~1:7.0-6 I =.-
' Nitzschia delicatissima 119 Ndei 16.53 
Rhizosolenia styliformis 107 Rsty 14.53 
Ceralium horridum 126 Chor 13.88 
Ceratium lineatum 123 Ciin 13.39 
Ceratium macroceros 125 Cmac 13.20 
Protoperidinium spp. 255 Pro! 13.09 
Dactyliosolen mediterraneus 105 Dmed 12.85 
Nitzschia seriate 118 Nser 11.46 
Rhizosolenia a/ala indica 109 Rind 11.32 
Thalassiothrix longissima 116 Tion 11.32 
Rhizosolenia a/ala a/ala 110 Raa 10.55 
Rhizosolenia hebetata 108 Rsem 7.13 
semispina 
~occoliihaceae 
-
195 
·-
6.94 I 
Rhizosolenia a/ala inermis 111 Rin 6.22 
Rhizosolenia imbrica. 106 Rshr 5.98 
shrubsolei 
Oxytoxum spp. 254 Oxy 5.52 
[Gonyaulax spp. 253: -: 5:o5 I ~iderltified·Coscinddiscus.spp. "1·· - ' '166. 4.75 i 
Bacteriastrum spp. 154 Bact 3.70 
Dactyliosolen antarcticus 104 Dant 3.38 
Navicula spp. 176 Nav 3.37 
Ex uviaella spp. 252 Exuv 3.17 
Cylindrotheca closterium 177 Cyiin 3.14 
Ceratium hexacanthum 232 Chex 3.00 
j Dinoflagellate cysts 130 - . . 2.96 . I 
Dinophysis spp. 251 Dino 2.72 
Oscillatoria spp. 193 Osci 2.49 
Ceratium /ongipes 127 Cion 1.72 
Rhizosolenia stolterfothii 188 Rstoi 1.70 
Ceratium minutum 238 Cmin 1.58 
Ceratium azoricum 222 Cazo 1.35 
[Pi51ykrikos ·sch.wartzii cysts 133 - . -1.05. I '. 
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Appendix 6: Phytoplankton taxa used in Principal Component Analysis (PCA) for the southern oceanic 
area. Only species that occurred at frequencies above I % in CPR samples were used in the analysis. 
Species that are highlighted were also not used in the analysis because they do not have a full time-series 
( 1960-1995) or are invasive species. 
Taxon name Taxon I.D Abbreviation Frequency(%) 
Ceratium lusus 121 Cfus 33.13 
Ceratium furca 122 Cfur 24.49 
Ceratium mecroceros 125 Cmac 21.36 
[.Siticoflageliatae .198 - 18.27 I 
Ceratium tripos 124 Ctri 16.74 
Chaetoceros( Pheeoceros) spp. 113 Phae 14.90 
Thalassionema nitzschioides 117 Tnit 14.44 
Thalassiosira spp. 103 Thai 14.37 
Chaetoceros( Hyalochaete) spp. 112 Hyla 14.14 
Protoperidinium spp. 255 Pro! 11.43 
Nitzschia delicatissima 119 Ndel 9.71 
Ceratium horridum 126 Chor 9.21 
Ceratium lineatum 123 Clin 8.64 
Thalassiothrix longissima 116 Tlon 8.02 
Rhizosolenia a/ala a/ala 110 Raa 7.68 
Ceratium hex acanthum 232 Chex 7.18 
Rhizosolenia styliformis 107 Rsty 5.43 
Nitzschia seriata 118 Nser 5.39 
!Gonyaulax spp. 253 
' 
-
' .. 0, 7'"'' 5.39 , I 
Oscillatoria · spp. 193 Osci 4.93 
Dactyliosolen mediterraneus 105 Dmed 4.89 
[ Coccolilhaceae 195 - 4.78 I 
Exuviae/la spp. 252 Exuv 4.70 
Oxytoxum spp. 254 Oxy 4.17 
[Uniqentified Coscinodiscus·spp. 166 - . '3.74 . ·~ . ;, -J . ' Ceratium massiliense 237 Cm as 3.67 
Dinophysis spp. 251 Dine 3.59 
Rhizosolenia imbrica. shrubsolei 106 Rshr 3.52 
Bacteriastrum spp. 154 Bact 3.48 
Rhizosolenia hebetata semispina 108 Rsem 3.44 
[Birioflagellate cysts 130 
-
' 3:29 ~ 
Ceratium extensum 230 Cext 3.25 
Rhizosolenia alate indica 109 Rind 3.21 
Ceratium azoricum 222 Cazo 3.06 
Navicula spp. 176 Nav 2.45 
Ceratium trichoceros 247 Ctric 2.25 
Rhizosolenia a/ala inermis 111 Rin 2.18 
Rhizosolenia stoltetfothii 188 Rstol 1.80 
Prorocentrum spp. 259 Pror 1.64 
Ceratium arietinum 221 Cari 1.45 
Rhizosolenia bergonii 182 Rber 1.34 
Ceratium minutum 238 Cm in 1.26 
Ditylum brightwellii 168 Dity 1.22 
Cylindrotheca closterium 177 Cylin 1.18 
Ceratium bucepha/um 224 Cbuc 1.11 
Lauderia borealis 174 Lbor 1 '11 
Ceratium gibberum 231 Cgib 1.03 
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Appendix 7: PCA results showing the component loadings for dinoflagellates and diatoms (treated 
separately) in the offshore northern North Sea. The first three principal components are shown along with 
the percent variation explained by the principal components. 
Dinofiagellate PCA 2 3 
Variation explained 36.4% 16.8% 15.4% 
Cumulative variation 36.4% 53.2% 68.6% 
Component loading 
CFUS 0.757 -0.378 -0.217 
CTRI 0.812 -0.133 0.314 
CMAC 0.719 0.147 0.464 
CLON -0.094 0.616 0.644 
PROT 0.635 0.332 -0.47 
CHOR 0.603 -0.274 0.199 
DINO 0.114 0.689 -0.527 
CLIN 0.636 -0.124 -0.258 
''. PROR 0.576 0.522 0.068 
Diatom PCA 2 3 
Variation explained 24.9% 15.6% 14.3% 
Cumulative variation 24.9% 40.5% 54.8% 
Component loading 
THAL 0.297 0.502 0.059 
HYAL 0.215 -0.697 -0.082 
PHAE 0.717 0.258 0.035 
RAA 0.64 0.009 0.34 
TNIT 0.68 -0.123 0.486 
scos 0.376 -0.445 -0.526 
NOEL 0.549 0.454 -0.08 
RSTY 0.544 0.097 -0.528 
RSEM 0.66 0.09 -0.38 
PSUL 0.422 0.321 -0.69 
NSER 0.538 -0.283 0.292 
RSHR 0.507 -0.472 0.386 
CC RI 0.569 -0.021 0.33 
TLON 0.038 0.561 0.061 
AGLA 0.088 -0.611 -0.504 
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Appendix 8: PCA results showing the component loadings for dinoflagellates and diatoms (treated 
separately) in the central and British coastal North Sea. The first three principal components are shown 
along with the percent variation explained by the principal components. 
Dinoflagellate PGA 2 3 
Variation explained 43.45% 21.79% 10.18% 
Cumulative variation 43.45% 65.24% 75.42% 
Component loading 
CFUS 0.69 -0.07 0.09 
CFUR 0.93 0.15 ·0.07 
CLIN 0.61 -0.25 0.06 
CTRI 0.69 -0.12 -0.03 
CMAC 0.37 -0.65 -0.44 
CHOR 0.56 0.06 -0.64 
CLON 0.33 ·0.70 0.47 
DINO 0.59 0.49 0.34 
PROT 0.77 0.39 0.16 
PROR 0.02 0.66 -0.14 
Diatom PGA 2 3 
Variation explained 30.6% 6.95% 6.14% 
Cumulative variation 30.6% 39.01 % 47.15% 
Component loading 
PSUL 0.65 0.06 0.01 
se os 0.70 -0.27 -0.16 
THAL 0.21 0.24 -0.11 
DMED 0.36 -0.35 -0.41 
RSHR 0.77 0.17 -0.13 
RSTY 0.37 0.56 0.06 
RSEM 0.27 -0.47 0.07 
RAA 0.66 0.15 -0.31 
RIN -0.07 0.54 0.30 
HYAL 0.66 -0.23 ·0.26 
PHAE 0.49 -0.40 -0.32 
OS IN 0.55 0.53 -0.06 
AGLA 0.70 -0.16 0.03 
TLON 0.02 -0.10 0.33 
TNIT 0.77 0.09 0.15 
NSER 0.66 0.35 0.19 
NOEL 0.75 0.06 ·0.21 
BPAX 0.52 -0.12 0.59 
BELL 0.56 -0.17 0.56 
OAUR 0.46 0.30 -0.25 
OREG 0.55 -0.34 0.22 
CCON 0.61 0.16 -0.11 
DITY 0.49 -0.07 0.12 
EZOD 0.11 0.14 0.19 
FRAG 0.63 -0.22 0.17 
GYRO -0.04 0.23 0.52 
NAV 0.33 -0.13 0.60 
CYLIN 0.76 -0.16 ·0.01 
RSTOL 0.39 0.57 -0.24 
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Appendix 9: PCA results showing the component loadings for dinoflagellates and diatoms (treated 
separately) in the southern continental North Sea. The first three principal components are shown along 
with the percent variation explained by the principal components. 
Dinoflagellate PCA 2 3 
Variation explained 34.59% 22.54% 12.83% 
Cumulative variation 34.59% 57.3% 69.95% 
Component loading 
CFUS 0.68 -0.44 0.15 
CFUR 0.69 0.23 -0.42 
CLIN 0.11 0.21 0.48 
CTRI 0.68 -0.61 0.11 
CMAC 0.16 -0.90 0.15 
CLON -0.22 -0.31 -0.81 
DINO 0.84 0.11 -0.14 
PROT 0.77 0.22 -0.10 
PROR 0.57 0.63 0.09 
Diatom PCA 2 3 
Variation explained 20.73% 12.53% 9% 
Cumulative variation 20.73% 33.26% 42.26% 
Component loading 
PSUL 0.50 -0.30 0.24 
scos 0.33 0.14 -0.60 
THAL 0.06 -0.50 -0.04 
RSHR 0.61 0.33 -0.08 
RSTY 0.21 0.15 0.51 
RSEM 0.31 -0.36 0.37 
RAA 0.51 0.56 -0.01 
HYAL 0.35 -0.65 0.29 
PHAE 0.29 -0.58 0.34 
OS IN 0.46 0.25 0.09 
AGLA 0.63 -0.41 -0.12 
TNIT 0.55 -0.32 0.02 
NSER 0.74 0.41 0.09 
NDEL 0.75 -0.32 0.09 
BPAX 0.47 -0.05 -0.36 
BACT 0.57 0.21 0.08 
BELL 0.11 0.15 -0.47 
OAUR 0.40 -0.42 -0.60 
OREG 0.05 -0.63 0.10 
CCON 0.55 0.00 -0.07 
DITY 0.54 -0.26 -0.20 
EZOD 0.37 0.30 0.19 
FRAG 0.30 -0.05 -0.45 
GYRO 0.08 0.33 0.53 
LBOR 0.53 0.26 0.14 
NAV -0.12 -0.16 -0.28 
CYLIN 0.70 0.28 0.21 
RSTOL 0.34 0.39 -0.20 
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Appendix I 0: PCA results showing the component loadings for dinoflagellates and diatoms (treated 
separately) in the northern oceanic region. The first three principal components are shown along 
with the percent variation explained by the principal components. 
Dinoflagellate PCA 1 2 3 
Variation explained 51.14% 12.85% 10.99% 
Cumulative variation 51.14% 63.99% 74.98% 
Component loading 
CFUS 0.85 0.27 -0.11 
CFUR 0.88 0.24 0.24 
CLIN 0.71 -0.13 -0.04 
CTRI 0.89 0.02 0.04 
CMAC 0.57 0.34 -0.43 
CHOR 0.91 -0.24 0.01 
CLON 0.66 -0.03 -0.39 
DINO 0.41 -0.57 0.57 
OXY 0.11 0.77 0.59 
PROT 0.75 -0.23 0.10 
Diatom PCA 1 2 3 
Variation explained 35.88 9.85% 7.83% 
Cumulative variation 35.88% 45.74% 53.57% 
Component loading 
PSUL 0.64 0.15 -0.01 
THAL 0.69 0.30 0.01 
DANT 0.54 -0.60 0.17 
DMED 0.49 0.07 0.10 
RSHR 0.59 -0.04 0.10 
RSTY -0.22 0.50 0.46 
RSEM 0.48 -0.23 0.08 
RIND 0.20 -0.13 0.71 
RAA 0.61 -0.13 0.36 
RIN 0.60 0.41 0.31 
HYLA 0.87 0.11 -0.09 
PHAE 0.86 -0.03 -0.01 
AGLA 0.40 0.10 -0.26 
TLON 0.56 -0.64 -0.08 
TNIT 0.81 0.02 -0.32 
NSER 0.75 0.13 -0.35 
NOEL 0.76 0.23 -0.16 
BACT 0.50 -0.52 0.18 
NAV 0.62 0.02 -0.17 
CYLIN 0.35 0.49 -0.14 
RACU 0.48 0.27 0.49 
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Appendix 11: PCA results showing the component loadings for dinoflagellates and diatoms (treated 
separately) in the central oceanic region. The first three principal components are shown along with 
the percent variation explained by the principal components. 
Dinoflagellate PCA 2 3 
Variation explained 35.15% 14.29% 12.65% 
Cumulative variation 35.15% 49.44% 62.09% 
Component loading 
CFUS 0.81 -0.02 0.31 
CFUR 0.79 0.05 0.35 
CLIN 0.86 -0:24 0.16 
CTRI 0.73 0.05 -0.43 
CMAC 0.23 0.67 -0.39 
CHOR 0.77 -0.13 0.10 
CLON 0.44 0.52 0.51 
CAZO 0.55 -0.34 -0.51 
CHEX 0.12 0.44 -0.56 
CM IN 0.23 -0.45 0.15 
DINO 0.46 0.24 -0.21 
OXY 0.06 0.70 0.33 
PROT 0.78 -0.06 -0.23 
Diatom PCA 2 3 
Variation explained 29.75% 10.35% 8.53% 
Cumulative variation 29.75% 40.10% 48.62% 
Component loading 
THAL 0.52 0.43 0.40 
DANT 0.46 0.16 -0.61 
DMED 0.48 -0.41 -0.32 
RSHR 0.51 -0.05 -0.05 
RSTY -0.02 0.21 0.29 
RSEM 0.21 0.65 -0.14 
RIND 0.66 -0.20 0.11 
RAA 0.31 -0.25 0.10 
RIN 0.49 0.59 0.13 
HYLA 0.77 0.09 0.19 
PHAE 0.69 0.23 -0.37 
TLON 0.74 -0.20 -0.34 
TNIT 0.70 0.04 0.13 
NSER 0.55 -0.20 -0.07 
NOEL 0.81 -0.28 0.15 
BACT 0.51 -0.41 0.31 
NAV 0.42 0.52 -0.19 
CYLIN 0.36 0.06 0.61 
RSTOL 0.50 -0.15 0.03 
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Appendix 12: PCA results showing the component loadings for dinoflagellates and diatoms (treated 
separately) in the southern oceanic region. The first three principal components are shown along with the 
percent variation explained by the principal components. 
Dinoftagellate PCA 1 2 3 
Variation explained 35.92% 9.27% 8.45% 
Cumulative variation 35.92% 45.19% 53.68% 
Component loading 
CFUS 0.75 -0.12 -0.35 
CFUR 0.84 -0.17 -0.30 
CLIN 0.68 0.15 -0.29 
CTRI 0.76 -0.31 . -0.26 
CMAC 0.64 -0.48 -0.27 
CHOR 0.52 -0.13 0.20 
CAR I 0.34 0.23 0.36 
CAZO 0.68 0.19 0.24 
CBUC 0.43 0.13 0.11 
CEXT 0.42 0.52 0.05 
CGIB 0.41 -0.23 0.53 
CHEX 0.47 -0.34 0.21 
CMAS 0.69 0.22 0.32 
CM IN 0.33 0.35 -0.37 
CTRIC 0.57 0.28 0.40 
DINO 0.42 -0.58 0.38 
OXY 0.68 0.48 -0.09 
PROT 0.79 0.00 -0.23 
PROR 0.56 0.02 0.12 
Diatom PCA 1 2 3 
Variation explained 28.3% 11.82% 9.25% 
Cumulative variation 28.3% 40.12% 49.37% 
Component loading 
THAL 0.19 -0.06 0.63 
DMED 0.54 0.45 -0.19 
RSHR 0.52 0.50 -0.07 
RSTY 0.20 0.47 0.51 
RSEM 0.56 0.12 0.30 
RIND 0.49 0.56 -0.22 
RAA 0.52 0.29 0.34 
RIN 0.29 0.12 0.61 
HYLA 0.75 -0.48 0.09 
PHAE 0.75 -0.12 0.18 
TLON 0.58 0.07 -0.30 
TNIT 0.72 -0.07 0.02 
NSER 0.72 -0.30 0.02 
NDEL 0.75 -0.08 0.05 
BACT 0.56 -0.49 -0.25 
DITY 0.25 -0.25 0.23 
LBOR 0.39 -0.42 -0.07 
NAV 0.49 0.18 -0.52 
CYLIN 0.54 0.41 -0.21 
RBER -0.03 0.51 -0.12 
RSTOL 0.55 -0.32 -0.22 
243 
Copyright 
This copy of this thesis has been supplied on condition that anyone who consults it is 
understood to recognise that its copyright rests with its author and that no quotation 
from the thesis and no information derived from it may be published without the 
author' s prior consent 
